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ABSTRACT 


Vacuum  arc  melting  techniques  were  developed  to  produce 
sound  3)^-inch  and  4-inch  diameter  ingots  of  tungsten  base  alloys. 
The  effect  of  melting  rate  on  ingot  characteristics  was  deter¬ 
mined  and  the  effects  of  carbon,  oxygen,  zirconium  and  titanium 
on  melting  characteristics,  ingot  structure,  extrudability, 
recrystallization,  and  high  temperature  tensile  properties  of  the 
tf+O.S^Cb  alloy  were  studied  also. 

Refinement  of  ingot  structure  was  produced  by  0.06  and  0.12% 
zirconium  additions  and  by  increasing  the  melting  rate.  Coarsen¬ 
ing  of  ingot  structure  was  produced  by  0.04%  titanium  and  500  to 
1000  ppm  oxygen  additions. 

W-t-0.6Cb  ingots  containing  more  than  50  ppm  carbon  could  not 
be  extruded,  and  correlation  between  extrudability  vs.  carbon 
content  below  50  ppm  was  not  found. 

Adding  0.12%  zirconium  to  the  W+O.SCb  alloy  significantly 
improved  the  SOOO^F  tensile  properties. 
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I.  INTRODUCTION 

Tungsten  and  certain  tungsten  base  alloys  possess  some  of 
the  best  high  temperature  properties  obtainable,  but  lack  of 
satisfactory  processing  techniques  has  prevented  utilization 
of  this  element  to  its  full  potential.  The  characteristics  of 
the  tungsten  arc,  coupled  with  the  metal's  extreme  melting 
point,  are  among  many  of  the  problems  of  arc  melting.  Lack  of 
ingot  fabricability  is  often  related  to  arc  melting  practice. 

The  successful  generation  of  tungsten  ingots  has  become 
rather  commonplace  using  arc  melting  techniques,  but  subsequent 
fabricability  often  remains  a  problem.  Even  at  very  low  concen¬ 
trations,  certain  impurities  are  believed  to  have  a  significant 
effect  on  fabricability.  It  is  difficult  to  relate  a  specific 
effect  to  a  specific  impurity.  Very  few  reliable  procedures 
have  been  developed  to  determine  minor  concentrations,  or  to 
identify  and  correlate  the  effect  of  impurity  distributions. 

The  development  of  analyses  to  detect  such  minute  quantities  was 
beyond  the  scope  of  this  program,  however,  much  of  the  success 
of  this  investigation  depended  to  a  large  extent  on  the  sophisti¬ 
cation  of  certain  analytical  techniques  that  were  necessary  for 
meaningful  metallurgical  studies. 

It  is  generally  believed  that  lack  of  tungsten  fabricability 
is  primarily  a  grain  boundary  effect,  even  at  somewhat  elevated 
temperatures.  Arc  melting  should  not  be  considered  as  a  cause 
of  this  effect,  but  rather  as  a  step  in  the  process  where  it  is 
advantageous  to  remove  deleterious  impurities  and  produce  a 
structure  that  lends  itself  more  readily  to  plastic  deformation. 

The  objectives  of  this  program  were  to  establish  a  consist¬ 
ent  melting  technique  for  the  production  of  sound,  homogeneous, 
tungsten  alloy  ingots  which  could  be  converted  into  3-inch  diam¬ 
eter  extrusion  billets  approximately  5-inches  long  with  a  minimum 
of  machining.  The  effect  of  melting  variables  and  minor  alloying 
additions  on  tungsten  alloy  ingot  characteristics  and  subsequent 
workability  was  studied  also.  The  program  was  a  continuation  of 
USAF  Contract  No.  AF  33(616)— 7459,  under  which  the  Equipment 
Investigation  and  Development  Program  (Ref.  ASD-TR-61-385)  and 
the  Tungsten-Mo lybdenum-Columbium  Alloy  Melting  Program  (Ref.  ASD- 
TDR-62-781)  were  conducted.  During  these  programs,  the  furnace 
shown  in  Figure  1  was  designed  and  built  to  melt  refractory  alloys 
under  high  vacuum,  a  reproducible  process  was  developed  to  produce 
Mo— 0.5Ti  billets  with  a  refined  grain  structure,  and  a  process  was 
developed  to  produce  sound  billets  of  92W-6Mo-2Cb  alloy. 


Manuscript  released  by  the  author  April  1963  for  publication 
as  an  ASD  Technical  Documentary  Report. 
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II.  PROGRAM 


The  experimental  work  for  this  program  was  organized  into 
three  phases,  as  follows: 

A.  Phase  I 

Four  ingots  were  scheduled  to  develop  a  basic  arc 
melting  practice  for  the  tungsten-fO.6%  columbium  alloy. 

B.  Phase  II 

Seven  ingots  were  scheduled  to  determine  the  effect 
of  electrode  carbon  level  and  electrode  oxygen  level  on 
arc  melting  characteristics  and  ingot  fabricability. 

Three  levels  of  carbon  and  three  levels  of  oxygen  were 
used  for  this  study. 

C.  Phase  III 

Six  Ingots  were  scheduled  to  determine  the  effect 
of  melting  rate  and  minor  additions  of  zirconium  and 
titanium  on  arc  melting  characteristics  and  ingot  fabric- 
ability.  Two  ingots  were  used  for  the  melting  rate  study 
and  four  ingots  were  used  to  evaluate  alloying  additions. 

The  following  sections  of  text,  containing  the  discussion  of 
procedure  and  the  results  of  work  performed  during  the  contractual 
period,  are  organized  in  a  manner  similar  to  that  just  given  under 
"Program".  Ingots  were  melted  as  appropriate  electrode  material 
became  available  euid  not  in  a  numerical  sequence  related  to  their 
order  of  description  under  "Program".  The  following  summary  is 


presented 

to  show  the 

relation  of 

ingot  number  to  program  phases. 

Phase 

I 

Ingot  Amperage 

Additions 

Disposition 

VA-66 

4800 

— — 

Sectioned  for  macro 

VA-67 

5400 

Sectioned  for  macro 

VA-68 

5500 

Did  not  extrude 

VA-78 

5800 

— 

Extruded  and  evaluated 

Phase 

II 

VA-83 

6000 

150ppm  C 

Did  not  extrude 

VA-86 

5800 

50ppm  0 

Extruded  and  evaluated 

VA-87 

5800 

lOOppm  C 

Did  not  extrude 

VA-88 

5800 

250ppm  C 

Did  not  extrude 

VA-90 

5800 

lOOppm  0 

Extruded  and  evaluated 
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Phase  II 
(continued) 


Ingot 

Amperage 

Additions 

Disposition 

VA-91 

6000 

250ppm  C 
990ppm  Ti 

Did  not  extrude 

VA-92 

5800 

150ppm  0 

Extruded  and 

evaluated 

Interstitial  additions  were  "specified"  analysis. 

Phase  III 

VA-79 

6500 

Extruded  and 

evaluated 

VA-80 

7200 

Sectioned  for  macro 

VA-81 

6200 

.06)(  Zr 

Extruded  and 

evaluated 

VA-82 

6000 

.04^  Ti 

Extruded  and 

evaluated 

VA-85 

6000 

.12^  Zr 

Extruded  and 

evaluated 

VA-89 

6000 

,12%  Zr  -t- 
.04^6  Ti 

Extruded  and 

evaluated 

III,  PROCEDURE  AND  RESULTS,  PHASE  I 
A.  Electrodes 


A  high  purity  tungsten  starting  material  is  required 
to  minimize  effects  of  residual  elements  on  arc  melting 
characteristics  and  subsequent  material  fabricability, 
even  though  the  vacuum  arc  melting  step  itself  is  quite 
effective  in  reducing  the  level  of  residual  elements. 
Certain  levels  of  oxygen,  carbon,  iron  and  silicon  were 
believed  to  have  adverse  effects  on  fabricability ,  how¬ 
ever  a  number  of  other  elements  are  present  in  minor 
amounts  and  the  influence  of  many  of  these  has  not  been 
clearly  established,  nor  have  effective  analytical  pro¬ 
cedures  been  developed  to  determine  quantities  of  some 
elements  which  are  present  at  very  low  concentrations. 

No  facilities  exist  at  ASD  to  produce  pressed  and 
sintered  electrodes,  and  although  such  a  facility  could 
not  significantly  increase  the  purity  of  the  material 
received,  it  would  enable  closer  correlation  of  electrode 
fabrication  variables  with  arc  melting  conditions  and  arc 
cast  material  fabricability.  This  program  relied  upon 
outside  suppliers  for  the  majority  of  the  electrode 
material  used  and  depended  upon  their  experience,  quality 
control,  and  process  reproducibility  to  insure  that  a 
uniform  material  of  high  purity  was  obtained.  Generally, 
specific  details  on  a  commercially  successful  process 
are  considered  proprietary. 
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All  of  the  electrodes  used  for  Phases  1  and  III  were  manu¬ 
factured  by  the  General  i:;lectrlc  Corporation.  This  material 
was  ordered  as  high  purity  tungsten  powder,  hydrostatically 
pressed  and  hydrogen  sintered  to  a  minimum  of  88  percent  of 
theoretical  density.  Specified  bar  dimensions  were  IH"  O.D.  x 
)4''  I.D.  X  24"  length.  Table  1  lists  the  characteristics  of  the 
material  received. 

An  electrode  diameter  of  IH  inches  was  specified  because 
two  attempts  to  melt  l)4-inch  electrodes  of  the  W-f0.6Cb  composi¬ 
tion  into  3H-inch  diameter  molds  in  the  previous  program^ ended 
in  crucible  burn-through  before  the  melting  current  could  be  in¬ 
creased  to  a  level  which  would  produce  a  satisfactory  melting 
rate.  No  difficulties  were  encountered  when  l)i-inch  electrodes 
of  the  92tf-6Mo-2Cb  alloy  were  used,  so  the  IH-inch  diameter  was 
selected  for  this  program.  Notice  in  Table  1,  however,  that  many 
of  the  electrode  sections  furnished  for  the  program  measured 
approximately  1^-inches  in  diameter  and,  contrary  to  earlier  ex¬ 
perience,  melted  satisfactorily.  This  was  attributed  to  more 
effective  mold  cooling  resulting  from  improved  mold  and  water 
jacket  design,  and  to  the  installation  of  a  water  conditioner  to 
the  cooling  water  line. 

Straightness  and  length  specifications  were  difficult  to  meet 
in  the  IK-inch  diameter  section  and  four  of  the  first  six  bars  re¬ 
ceived  were  returned  to  the  supplier,  mainly  because  of  failure  to 
meet  the  straightness  requirement.  Subsequent  shipments  were 
satisfactory  in  all  respects. 

All  electrode  sections  were  joined  mechanically,  and  the 
1-8NC  thread  was  found  to  be  most  practical.  The  1)4-7NC  internal 
thread  left  insufficient  sidewall  and  the  94-lONC  thread  would  not 
accommodate  a  boring  bar  of  sufficient  rigidity  for  satisfactory 
machining.  Examples  of  threaded  electrodes  are  shown  in  Figure  3. 

Three  diameters  of  columbium  wire  were  purchased  from 
R  &  D  Metals  Corp.,  Kidron,  Ohio,  for  insertion  into  the  H-inch 
electrodes  bores.  Early  ingot  analysis  indicated  that  an  0.65  to 
0.70  percent  columbium  addition  in  the  electrode  would  produce 
0.55  to  0.60  percent  columbium  in  the  ingot.  Various  combinations 
of  63,  91,  and  125  mil  columbium  wire  allowed  latitude  in  elec¬ 
trode  composition.  The  ends  of  the  wire  were  bent  over  at  the  top 
of  the  electrode  to  prevent  their  sliding  downward  during  melting. 
This  is  shown  in  Figure  3.  The  suppliers'  analyses  of  columbium 
wire  and  tungsten  electrodes  are  shown  in  Table  2. 
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B.  Melting 


The  furnace  installation  shown  in  Figure  1  was  employed 
for  all  melting  during  this  program.  It  was  designed  for 
consumably  melting  refractory  alloy  electrodes  into  ingots 
up  to  6  inches  in  diameter  (with  the  water  Jacket  shown  in 
the  photograph)  using  up  to  7500  amperes  direct  current. 

All  melting  has  been  done  with  straight  polarity  (electrode 
negative).  The  two-stage  mechanical  pump  and  the  large  dif¬ 
fusion  pump  can  maintain  a  vacuum  of  0.05  to  0.1  microns  in 
the  furnace  chamber  during  melting  of  tungsten  alloy  elec¬ 
trodes.  Ingots  for  this  program  were  produced  in  3H-lnch 
water  cooled  copper  molds  using  the  Jacket  assembly  shown  in 
both  of  which  are  described  in  detail  in  a  previous 


Pour  ingots  were  required  for  parametral  study  to  enable 
completion  of  Phase  I.  As  previously  explained  (see  ''Elec¬ 
trodes”),  it  was  believed  that  an  electrode  diameter  of 
1^  inches  could  not  be  melted  satisfactorily  into  a  SH-inch 
mold.  The  first  V-i-0.6Cb  ingot  was  made  to  study  the  effect 
of  electrode  diameter  and  to  verify  that  the  IH-inch  section 
was  suitable  for  this  program.  Electrode  09115-2  was  machined 
to  provide  three  stepped  sections  of  approximately  equal 
length,  one  of  the  original  1^-inch  diameter;  one  of  the 
IH-inch  diameter;  and  one  of  the  l)4-inch  diameter.  Both 
the  m  and  the  l)i-inch  sections  of  this  electrode  were  melted 
without  difficulty  using  4800  amperes  and  28  volts.  The 
longitudinal  section  of  this  ingot  is  shown  in  Figure  4. 

Three  amperes  stirring  current  were  used  for  the  entire  heat, 
including  hottopping,  where  it  may  be  noted  that  this  degree 
of  stirring  produced  a  high  rim  on  the  ingot.  This  heat  was 
used  to  establish  preliminary  melting  parameters  only,  and  no 
chemistry  samples  were  obtained  because  of  the  previous  ex¬ 
posure  of  this  electrode  to  the  environment  created  by  two 
mold  failures. 

The  second  ingot  (VA-67)  was  melted  from  electrode 
06208-6,  which  weighed  32  pounds.  It  was  melted  with  5400 
amperes  and  28  volts,  with  an  average  furnace  pressure  of 
0.08  microns.  The  stirring  current  was  reduced  from  2  to  1 
ampere  during  hottopping,  but  a  fairly  high  rim  is  still 
present.  The  longitudinal  section  of  this  ingot  is  shown  in 
Figure  4,  and  analytical  results  are  listed  in  Table  6. 

Ingot  VA-68  was  melted  from  electrode  06208-2  under  es¬ 
sentially  the  same  conditions  as  VA-67,  except  that  O.S  ampere 
stirring  was  used  for  most  of  the  heat,  greatly  reducing  the 
height  of  the  rim.  This  ingot  was  too  short  to  be  sectioned 
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according  to  the  desired  procedure  and  still  yield  suf¬ 
ficient  material  for  an  extrusion  billet.  A  shrinkage 
void  was  discovered  in  the  ingot  top  during  machining, 
and  an  additional  .375-inch  was  machined  from  the  billet 
length.  The  finish-machined  billet  measured  3.63  inches 
long  and  weighed  only  16.9  pounds.  Analytical  results 
are  shown  in  Table  6  and  subsequent  processing  is  dis¬ 
cussed  under  "Primary  Breakdown  and  Subsequent  Evalua¬ 
tion"  . 


Ingot  VA-78  completed  Phase  1.  It  was  melted  with 
5800  amperes,  28  volts  and  3  amperes  stirring.  Furnace 
pressure  averaged  0.03  microns  during  melting.  Two  elec¬ 
trode  sections  (G.  E.  09297  series)  were  used  to  produce 
the  desired  43  pounds  which  enabled  the  ingot  to  be  sec¬ 
tioned  according  to  the  plan  shown  in  Figure  9  and  an 
entire  longitudinal  section  would  be  expected  to  resemble 
ingot  VA-67  (Figure  4)  rather  closely.  Melting  parameters 
used  for  this  ingot  are  considered  optimum  for  the  equip¬ 
ment,  electrode,  and  mold  combination  used.  The  "standard” 
melt  record  for  producing  W-i-0.6Cb  ingots  is  shown  as 
Table  4.  Other  melting  details  for  this  ingot  are  shown 
in  Table  5  and  analytical  results  are  shown  in  Table  6. 

IV,  PROCEDURE  AND  RESULTS,  PHASE  II 

Phase  II  involved  a  limited  study  of  the  effects  of  several 
electrode  carbon  and  oxygen  levels  on  the  arc  melting  characteris¬ 
tics,  ingot  structure,  and  workability  of  the  W+0,6Cb  alloy.  A 
comparison  of  ingot  analysis  and  electrode  analysis  was  made  to 
determine  the  carbon  and  oxygen  lost  during  melting,  microexamina¬ 
tion  disclosed  the  effect  of  carbon  and  oxygen  on  structure,  and 
extrusion  determined  the  effect  of  carbon  and  oxygen  on  workability. 
Results  were  compared  to  data  from  ingots  generated  during  Phases  I 
and  III  that  were  made  from  electrodes  containing  minimum  carbon 
and  oxygen,  and  to  applicable  data  obtained  by  other  investigators. 

A.  Electrodes 


Suppliers  were  reluctant  to  quote  on  electrode  mater¬ 
ial  containing  oxygen  greater  than  100  ppm  or  containing 
both  oxygen  and  carbon  at  specified  levels.  Also,  suppli¬ 
ers  of  vacuum  sintered  material  had  difficulty  meeting  the 
straightness  requirement  of  1/16-inch  maximum  bow  (camber) 
per  foot.  This  is  evident  upon  examination  of  the 
"camber"  column  in  Table  1. 

General  Electric  supplied  the  09115  and  the  11234 
series  electrodes.  The  09115  material  was  reported  to 
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contain  135  ppm  carbon,  12  ppm  oxygen,  and  the  11234 
material  was  reported  to  contain  240  ppm  carbon  and 
4  ppm  oxygen.  General  Electric's  manufacturing  process 
Involves  a  hydrogen  sintering  cycle  that  makes  it  dif¬ 
ficult  to  retain  appreciable  amounts  of  oxygen. 

Wah  Chang  supplied  five  vacuum  sintered  electrodes 
which  are  listed  as  the  "WC"  series  in  Table  1.  After 
hydrostatic  pressing  at  40,000  psi  these  bars  were  sub¬ 
ject  to  vacuum  sintering  at  ISOO^C  (3270°F)  for  two 
hours,  and  to  hydrogen  sintering  at  2200°C  (40000F)  for 
five  hours.  Supplier's  samples  were  reported  to  contain 
less  than  30  ppm  carbon  and  50  to  60  ppm  oxygen. 

Wah  Chang's  process  permitted  blending  0.70  percent 
columbium  powder  with  tungsten  prior  to  sintering,  elimi¬ 
nating  the  requirement  of  hollow  electrodes  for  wire  ad¬ 
ditions. 

Eight  electrode  sections  were  supplied  by  the 
Westinghouse  Materials  Manufacturing  Division.  The  pro¬ 
cess  developed  there  to  produce  these  electrodes  was  sim¬ 
ilar  to  that  employed  by  Wah  Chang  and  involved  blending 
of  columbium  with  pure  tungsten  powder.  Carbon  was  added 
as  tungsten  carbide  and  oxygen  was  added  as  Cb205.  The 
oxides  of  tungsten  are  easily  reduced  by  heating  in  hydro¬ 
gen  and/or  are  too  volatile  when  heated  in  vacuum  to  in¬ 
sure  adequate  retention  of  oxygen  in  the  sintered  product. 
The  compacts  were  presintered  in  dry  oxygen  for  two  hours 
at  1250OC  (22800f).  Densification  occurs  more  rapidly  in 
a  hydrogen  atmosphere  and  the  comparitively  low  tempera¬ 
ture  was  chosen  to  minimize  carbon  and  oxygen  losses. 

The  hydrogen  was  evacuated  from  the  chamber  and  the  elec¬ 
trodes  were  sintered  in  vacuum  for  5  hours  at  1950OC 
(3540®F).  Cooling  to  room  temperature  was  done  in  vacuum 
to  preclude  the  formation  of  columbium  hydride.  Bar 
analyses  showed  that  columbium  tended  to  concentrate  in 
the  lower  end  of  the  electrodes  (which  were  sintered  ver¬ 
tically),  particularly  in  low  carbon  material.  Insuffi¬ 
cient  data  are  available  to  indicate  whether  this  condi¬ 
tion  was  caused  by  insufficient  blending,  or  had  occurred 
during  bag  loading  prior  to  pressing,  or  took  place  during 
the  sintering  process.  The  individual  electrode  analyses 
in  Table  3  show  the  columbium  to  be  well  within  specified 
limits,  however  the  oxygen  content  was  abnormally  high. 
This  condition  did  not  prevent  melting  of  ingots  with  a 
low  oxygen  content  which  could  be  extruded  successfully. 
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B.  Melting 


Seven  W-«-0*6Cb  ingots  we^'e  produced  in  Phase  II*  Four 
ingots  (VA-83y  87,  88,  91)  were  melted  from  electrodes  con¬ 
taining  100  ppm  or  more  of  carbon,  and  three  Ingots  (VA-86, 
90,  92)  were  melted  from  electrodes  containing  between  50 
and  1000  ppm  oxygen.  Melting  results  are  discussed  in  the 
following  text,  and  additional  evaluation  is  discussed  under 
"Microstructures  and  Ingot  Chemistry"  and  "Primary  Breakdown 
and  Subsequent  Evaluation". 

Two  1^-inch  electrode  sections,  reported  to  contain 
135  ppm  carbon,  were  available  for  Phase  II.  In  order  not 
to  risk  mold  failure,  and  to  maintain  essentially  the  same 
electrode-to-fflold  diameter  ratio  for  all  melting,  these  sec¬ 
tions  were  machined  to  a  1.63-inch  diameter.  They  averaged 
34.5  pounds  each  and  would  produce  rather  short  ingots  if 
melted  separately,  so  they  were  combined  to  make  a  single 
long  ingot.  VA-83  measured  14  inches  long  and  weighed  80.1 
pounds  before  removal  of  the  hot  top  rim  and  starting  pad. 
Melting  details  are  summarized  in  Table  5.  The  ingot  was 
cut  into  two  5-inch  lengths,  designated  VA-83U  (upper j  and 
VA-83L  (lower),  and  machined  into  two  extrusion  billets 
(Figure  20).  The  sample  slice  was  cut  from  the  center, 
between  the  two  billet  sections,  instead  of  from  the  top  as 
indicated  by  the  sampling  plan  shown  in  Figure  5.  The 
macrostructure  of  VA-83  and  other  ingots  melted  from  high 
carbon  electrodes  is  shown  in  Figure  7. 

The  remaining  ingots  made  from  high  carbon  electrodes 
were  melted  in  a  manner  similar  to  that  employed  for  VA-83. 
Furnace  chamber  pressure  averaged  somewhat  higher  for  this 
material  than  for  the  high  purity  material.  Also,  the  elec¬ 
trode  consumption  rate  was  somewhat  greater  (Figure  10), 
with  the  exception  of  vA-91  which  contained  a  titanium  addi¬ 
tion.  All  ingot  surfaces  were  rated  very  good  to  excellent 
and  were  very  similar  in  appearance  to  VA-83  shown  in 
Figure  6.  Ingots  were  sampled  according  to  the  plan  in 
Figure  5  (except  VA-  83)  and  the  macrostructures  are  shown 
in  Figure  7.  All  sections  display  a  very  fine,  columnar 
as-cast  grain  size,  which  is  generally  considered  desirable 
from  the  standpoint  of  fabricability.  None  of  the  ingots 
produced  from  high  carbon  electrodes  could  be  extruded,  how¬ 
ever. 


Ingot  VA-91  deserves  special  mention.  In  view  of  the 
ability  of  titanium  to  "getter"  unwcuited  impurities,  and  con¬ 
sidering  the  reduced  extrusion  pressures  required  to  generate 
extrusions  from  ingots  produced  from  titanium-bearing  elec¬ 
trodes  in  Fhase  III,  two  11234  electrodes  were  used  for  study 


8 


to  determine  the  ability  of  titanium  to  remove  carbon^from 
solution  in  tungcsten.  Available  thermodynamic  data'*'^''  indi¬ 
cated  that  titanium  had  considerably  more  affinity  for  car¬ 
bon  than  did  tungsten.  Since  the  electrode  material  was 
reported  to  contain  240  ppm  carbon,  the  approximate  stoichio¬ 
metric  addition  of  titanium  (990  ppm;  was  added  in  the  form 
of  30-mil  wire.  The  melting  rate  for  this  electrode  was 
extremely  slow,  however  the  grain  size  remained  fine  in  con¬ 
trast  to  other  ingots  produced  with  slow  melting  rates  or 
with  titanium.  It  has  not  been  ascertained  how  much  of  the 
carbon  is  in  the  form  of  titanium  carbide,  but  the  volume 
of  grain  boundary  precipitate  has  Increased  noticeably 
(Figure  14).  Vhile  the  addition  of  titanium  may  have  affected 
the  composition  of  the  carbide  phase,  it  did  little  to  change 
its  distribution.  The  melting  point  of  titanium  carbide  is 
somewhat  lower  than  that  of  tungsten  which  would  account  for 
its  presence  on  the  grain  boundaries.  The  billet  produced 
from  ingot  VA-91  would  not  extrude. 

The  three  ingots  produced  from  electrodes  containing 
a  high  oxygen  content  completed  Phase  II.  The  electrode 
material  was  produced  by  Wah  Chang  and  by  Westinghouse , 
using  a  vacuum  sintering  cycle.  Columbium  was  added  by 
blending  it  with  tungsten  powder  prior  to  compaction.  The 
first  ingot  of  this  series  was  VA-86,  melted  from  a  Wah  Chang 
electrode.  The  consumption  rate  was  high  (Figure  10),  con¬ 
sidering  the  5800  amperes  melting  current,  and  the  furnace 
chamber  pressure  was  low  in  comparison  with  pressures  noted 
while  melting  other  electrodes  in  the  "high  purity"  category. 
This  suggests  that  even  with  the  50-60  ppm  reported  oxygen 
content  (  and  camber  ) ,  the  Wah  Chang  electrodes  were  well 
suited  to  the  arc  melting  process.  Part  of  the  high  consump¬ 
tion  rate  was  attributed  to  electrode  fragmentation,  which 
occurred  continuously  in  the  region  of  melting.  The  macro¬ 
structure  for  heat  VA-86  is  shown  in  Figure  8.  The  struc¬ 
ture  is  fairly  fine-grained,  which  is  expected  in  view  of 
a  more  rapid  rate  of  ingot  solidification. 

Ingots  VA-90  and  VA-92  were  made  from  Westlnghouse 
electrodes.  High  oxygen  contents  were  achieved  by  adding 
columbium  as  Cb205.  The  effect  of  adding  oxygen  in  this 
manner,  as  compared  to  having  it  present  as  one  or  more  of 
the  oxides  of  tungsten  was  not  determined,  and  equilibrium 
data  on  oxygen  distribution  in  liquid  tungsten— columbium  were 
not  available.  Furnace  chamber  pressures  were  considerably 
above  average  while  melting  these  electrodes,  ranging 
between  0.06  to  0.10  microns  instead  of  the  0.03  to  0.04 
microns  which  is  considered  normal.  This  suggests  electrode 
out-gassing  as  a  result  of  strong  heating  from  resistance 
to  the  passage  of  5800  amperes  melting  current,  and/or  that 


9 


a  gas-producing  reaction  was  taking  place  in  the  molten 
region.  The  electrode  consumption  rate  was  quite  slow, 
and  Figure  8  shows  an  extremely  large  as-cast  grain 
size,  similar  to  that  found  in  electron  becmi  melted 
ingots.  Analytical  data  in  Table  6  do  not  Indicate  that 
the  difference  in  grain  size  between  ingots  VA-86,  90 
and  92  is  a  result  of  compositional  variation.  In  this 
instance  at  least,  the  electrode  consumption  rate,  or 
more  directly,  the  ingot  solidification  rate,  was  the 
sole  factor  influencing  grain  size. 

The  electrodes  used  for  ingots  VA-90  and  VA-92 
melted  somewhat  irregularly,  and  considerable  sputter¬ 
ing  and  splashing  occurred  around  the  bath.  The  elec¬ 
trodes  increased  in  diameter  slightly  near  the  region 
of  melting  as  a  result  of  an  accumulation  of  frozen 
metal  droplets  ejected  from  the  pool.  Irregular  elec¬ 
trode  consumption  produced  ingot  surfaces  that  were  not 
as  good  as  the  average. 

Based  on  the  results  of  melting,  and  subsequent 
material  evaluation  performed  on  the  ingots  produced 
during  Phase  II,  it  appears  that  carbon  was  an  undesir¬ 
able  addition  in  the  quantities  used,  much  more  so  than 
oxygen.  Insufficient  data  are  available  from  this 
investigation  for  an  estimation  of  maximum  carbon  con¬ 
tent  permitting  primary  ingot  breakdown  by  extrusion. 

It  had  occurred  that  oxygen  additions  could  be  used  to 
control  ingot  carbon  content  in  a  similar  manner  as 
carbon  additions  are  used  to  deoxidize  arc  cast  molyb¬ 
denum  Ingots.  However,  the  data  in  Tables  7  and  8 
indicate  that  carbon  levels  in  V-t-0.6Cb  are  essentially 
unaffected  by  electrode  oxygen  content. 

V.  PROCEDURE  AND  RESULTS,  PHASE  III 

The  primary  objectives  of  Phase  III  were  to  determine 
the  effect  of  melting  rate  and  alloying  additions  on  the 
arc  melting  characteristics,  ingot  structure,  chemistry, 
fabricability,  and  high  temperature  strength  of  the  V-»-0.6Cb 
alloy.  Results  were  compared  to  those  generated  in  other 
phases  of  this  program  and  to  applicable  data  obtained  by 
other  investigators. 

Two  ingots  were  made  using  high  melting  currents  and 
four  ingots  were  made  from  electrodes  containing  relatively 
small  amounts  of  zirconium  and  titanium  to  supplement  the 
normal  columbium  addition.  Ingots  VA-79,  80,  82,  85  and 
89  were  melted  from  GE  09297  series  electrodes.  This  elec¬ 
trode  material  has  been  described  as  part  of  Phase  I. 
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Ingot  VA-78,  already  described  under  Phase  1,  was  used 
as  the  base  line  ingot  for  the  melting  rate  study.  The 
macrostructure  is  shown  in  Figure  9. 

Ingot  VA-79  was  made  using  6500  amperes  and  28  volts, 
with  2.5  amperes  stirring  current.  Furnace  pressure  averaged 
0.04  microns.  No  difficulty  was  experienced  as  a  result  of 
exceeding  the  "standard"  melting  current  by  500  to  700  amperes, 
although  the  cooling  water  began  to  boil  occasionally  near 
the  end  of  the  heat.  The  macro  slice  shows  that  increased 
melting  current  produces  a  finer  grained  structure  (Figure  9) 
although  this  may  have  been  achieved  at  the  expense  of  a 
higher  impurity  content. 

Since  ingot  VA-79  was  completed  successfully  using  6500 
amperes  and  there  seemed  to  be  some  margin  available  for  the 
use  of  additional  current,  7200  amperes  was  used  to  melt 
VA-80.  This  approached  the  output  capacity  of  the  rectifiers. 
The  electrode  melted  quite  rapidly,  as  expected,  but  some 
consumption  occurred  as  a  result  of  electrode  disintegration 
near  the  tip.  Solid  pieces  of  electrode  were  observed  failing 
into  the  bath,  but  since  this  region  was  heated  nearly  to 
the  melting  point,  no  pieces  of  unmelted  material  were  expected 
in  the  ingot. 

Only  four  inches  of  electrode  remained  to  be  consumed 
when  the  cooling  water  began  to  boil  violently  and  the  cur¬ 
rent  was  shut  off.  This  was  the  first  instance  since  the 
new  mold  and  jacket  assembly  were  installed  that  a  mold  fail¬ 
ure  threatened,  and  although  the  mold  was  damaged  somewhat, 
the  current  was  turned  off  before  penetration  occurred.  Some 
copper  flowed  down  between  the  ingot  and  mold  wall  and  pro¬ 
vided  a  path  for  rapid  heat  transfer  from  the  ingot.  Crack¬ 
ing  of  the  ingot  resulted  from  thermal  shock.  The  mold  was 
cleaned  and  the  damage  was  found  to  be  slight.  Five  additional 
ingots  were  produced  using  this  mold  and  it  is  still  service¬ 
able. 


The  transverse  macrostructure  of  VA-80  is  finer  than 
that  of  VA-79,  and  it  may  be  observed  in  Figure  9  that 
increases  in  melting  current  and  the  resulting  increases  in 
melting  rate  cause  proportional  refinements  in  grain  struc¬ 
ture.  Melting  rate,  as  influenced  by  power  input,  is  shown 
in  figure  10,  and  electrode  consumption  data  for  other  elec¬ 
trodes  are  shown  also  for  comparison. 

Ingot  VA-80  was  cut  longitudinally  in  order  to  compare 
the  entire  ingot  section  to  that  of  vA-67,  which  was  melted 
at  5400  amperes.  Again,  the  effect  of  electrode  consumption 
rate,  as  influenced  by  power  input,  on  ingot  macrostructure 
was  quite  evident.  In  Phase  II  it  was  likewise  demonstrated 
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that  the  ingot  grain  size  varied  with  electrode  consumption 
rate  (Figures  8  and  10).  In  this  case,  power  input  was 
nearly  constant  and  the  consumption  rate  was  apparently 
determined  by  the  rate  of  oxygen  elimination  from  the  region 
of  melting.  Observe  in  Table  8  that  the  ingot  oxygen  con¬ 
tent  is  essentially  independent  of  electrode  oxygen  content. 

No  data  could  be  found  regarding  the  effect  of  minor 
additions  of  zirconium  and  titanium  on  the  properties  of 
the  W-»-0.6Cb  alloy,  and  only  limited  data  were  available  on 
the  effects  of  these  additions  on  other  tungsten-base  sys¬ 
tems.  It  was  found  in  another  investigation!^)  that  the 
elevated  temperature  properties  of  unalloyed  tungsten  were 
improved  by  the  addition  of  zirconium,  titanium,  and  colum- 
bium.  with  columbium  producing  the  most  significant  improve¬ 
ment.  It  was  anticipated  that  minor  amounts  of  zirconium 
and  titanium  would  add  to  any  property  improvements  already 
obtained  by  the  presence  of  0.6?6Cb.  Such  a  composition 
could  be  classified  as  a  "TZV  alloy,  similar  to  the  abbrevia¬ 
tions  "TZM"  and  "TZC  currently  applied  to  the  molybdenum- 
base  counterparts. 

The  electrode  for  ingot  VA-81  contained  a  single  63-mil 
zirconium  wire  in  addition  to  the  normal  amount  of  columbium. 
which  added  0.06  percent  zirconium  per  unit  weight  of  melting 
stock.  Previous  experience  with  the  92W-6Mo-2Cb  alloy!)-)  had 
shown  that  0.25  percent  zirconium  in  the  electrode  yielded 
0.16  percent  in  the  ingot,  but  this  small  addition  rendered 
the  92-6-2  alloy  unextrudable. 

The  electrode  for  VA-81  melted  somewhat  more  slowly  than 
normal  (Figure  10)  at  6200  amperes,  and  the  furnace  pressure 
averaged  0.04  microns.  The  macrostructure  in  Figure  11 
exhibits  a  finer  grain  size  than  obtained  previously  under 
similar  conditions  of  melting  without  the  zirconium  addition. 
Inasmuch  as  the  factor  limiting  the  amount  of  zirconium  added 
to  the  electrode  was  the  extrudability  of  the  ingot,  as  de¬ 
termined  in  the  previous  program,  it  was  apparent  that  the 
tf-f0.6Cb  alloy  would  tolerate  additional  zirconium  based  on 
the  extrudability  of  ingot  VA-81  (Table  10).  Ingot  VA-85 
was  melted  from  an  electrode  containing  0.12  percent  zirconium. 
The  consumption  rate  was  slightly  greater  than  for  VA-81  even 
with  a  lower  melting  current.  The  as-cast  microstructure  con¬ 
firmed  that  zirconium  is  a  grain  refiner,  as  Figure  11  shows 
that  additional  zirconium  produced  an  additional  decrease  in 
grain  size. 

Titanium  wire  was  added  to  the  electrode  for  heat  VA-82 
which  produced  a  0.04  percent  addition  per  unit  weight  of 
electrode.  Previously,  a  larger  titanium  addition  to  a  tung¬ 
sten-base  electrode  prevented  melting  entirely!)-).  The 
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consumption  rate  for  VA-82  was  quite  slow  (see  Table  5  and 
Figure  10),  even  with  a  6000  ampere  melting  current.  The 
average  furnace  pressure  was  0.015  microns,  the  lowest  ever 
recorded  while  melting,  which  indicated  that  possibly  the 
small  amount  of  titanium  present  was  having  a  desirable 
effect.  The  as-cast  grain  structure  shown  in  Figure  11  was 
quite  coarse,  reflecting  both  the  purification  obtained  by 
the  titanium  and  the  retarded  melting  rate. 

It  appeared  that  additional  titanium  in  the  electrode 
could  not  be  transferred  to  the  ingot,  and  any  attempts  to 
do  so  would  result  in  a  slower  melt  rate  and  a  coarser  as- 
cast  structure.  Therefore,  ingot  VA-89  was  melted  from  an 
electrode  containing  both  0.04  percent  titanium  and  0.12  per¬ 
cent  zirconium.  The  macrostructure  of  this  ingot  is  shown 
in  Figure  11.  The  grain  size  is  smaller  than  that  found  in 
VA-82  and  coarser  than  that  found  in  VA-85.  The  presence 
of  zirconium  has  offset  the  grain  coarsening  effect  result¬ 
ing  from  the  titanium  addition  so  that  the  as-cast  structure 
resembles  the  "standard”  V-«-0.6Cb  sections  shown  in  Figure  9. 
Processing  and  tensile  data  are  discussed  later. 

Rockwell  A  hardness  data  for  ingots  produced  in  Phase  I 
through  III  are  shown  in  Table  9.  The  R^  hardness  averaged 
68.8,  68.3  and  65.5  for  center,  mid  radius,  and  edge,  respec¬ 
tively.  The  alloying  additions  have  had  little  if  any  effect 
on  the  room  temperature  hardness,  and  average  hardness  appears 
to  be  a  poor  indicator  of  the  purity,  grain  size,  alloy  con¬ 
tent,  extrudability,  or  any  other  properties  of  the  iif+0.6Cb 
alloy.  The  decrease  of  ingot  hardness  from  the  center  to 
the  edge  of  the  ingot  is  contrary  to  observations  of  hard¬ 
ness  variation  described  in  other  investigations  vl»4) 
although  the  range  of  hardness  values  is  about  the  same. 

VI.  MICROSTRUCTURES  AND  INGOT  CHEMISTRY 

Photomicrographs  of  the  as-cast  structure  are  shown  in 
Figures  12  to  18.  It  is  apparent  in  some  cases  that  minor 
alloying  elements,  different  powder  lots,  and  differences  in 
electrode  consumption  rates  have  an  effect  on  microstructure, 
but  it  should  be  pointed  out  that  differences  in  structure 
are  sometimes  the  result  of  variances  in  electropolishing 
and  etching  technique.  Specimens  were  often  difficult  to 
prepare  so  that  si^ificant  differences  between  samples  could 
be  demonstrated.  For  instance,  the  electropolishing  and 
etching  procedure  used  on  samples  from  ingot  VA-82  was  unsatis¬ 
factory  for  preparing  samples  from  VA-81,  probably  because 
of  the  small  amount  of  zirconium  present,  and  VA-81  scunples 
showed  high  relief  and  heavy  pitting. 
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Some  of  the  structures  shown  in  Figures  12  through  18  ^ 

closely  resemble  those  published  by  other  investigators 
Many  samples  contained  grains  which  exhibited  a  fine  network 
of  subgrain  boundaries  at  100  to  250X.  This  is  shown  clearly 
in  Figure  12,  and  to  a  lesser  extent  in  Figures  13,  14  and 
16.  similar  structures  were  not  sought  and  photographed  in 
other  samples  to  avoid  needless  duplication.  The  subgrain 
boundaries,  when  magnified,  appeared  as  rows  of  closely- 
spaced  dislocation  pits,  which  delineate  the  low  angle  inter¬ 
section  of  lattice  planes.  Such  an  occurrence  is  attributed  to 
a  force  sufficient  to  cause  some  deformation  of  the  grain, 
and  cooling  stresses  apparently  produce  forces  sufficient 
to  achieve  this.  Perhaps  all  grains  exhibit  this  condition 
to  some  degree,  but  it  is  not  evident  because  they  are  not 
favorably  oriented  with  the  polishing  plane. 

All  samples  contained  randomly  distributed  prismatic 
"etch  pits".  The  writer  hesitates  to  ascribe  these  pits  to 
a  specific  alloying  addition  or  to  general  impurity  content, 
as  the  "pit  density"  or  pits  per  unit  of  area  seems  related 
to  the  amount  of  etching  given  a  particular  sample.  It  was 
noted  that  lightly  etched  samples  showed  relatively  few  pits, 
and  the  amount  of  pits  increased  after  additional  exposure 
to  etchant.  One  may  observe  that  samples  containing  fairly 
large  amounts  of  carbon  were  less  inclined  to  show  pits  than 
other  specimens. 

The  "cleanest”  structure  was  exhibited  by  the  sample 
from  VA-82,  which  contained  a  small  amount  of  titanium 
(Figure  18),  although  the  structure  of  VA-81  and  VA-85  con¬ 
taining  small  amounts  of  zirconium  (Figure  17),  and  VA-86, 
VA-90,  and  VA-92  (Figure  15)  which  were  melted  from  electrodes 
containing  excesses  of  oxygen,  may  be  rated  as  "close  seconds". 
VA-90  is  not  shown  because  the  structures  closely  resembled 
those  shown  for  VA-86  and  VA-92. 

Photomicrographs  in  Figure  16  of  the  material  produced 
during  the  melting  rate  study  disclosed  a  difference  in 
structure  at  250X,  where  it  may  be  observed  that  ingot  VA-80 
contains  more  inclusions.  The  spots  in  the  grains  indicate 
the  location  of  a  foreign  substance  that  was  present  prior 
to  electropolishing.  A  minute  quantity  of  unidentified 
grain  boundary  deposit  is  evident  in  the  2000X  photos  of 
VA-80  which  is  not  noticeable  in  the  structures  of  VA-78  and 
VA-79.  Vhat  appears  to  be  wide  grain  boundaries  in  the 
other  photos  is  actually  shadow  resulting  from  preferential 
grain  etching  and  oblique  lighting. 

Grain  boundary  deposits  are  very  much  in  evidence  in 
Figures  12,  13,  and  14.  Although  the  electrode  material  for 
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ingots  VA-67  and  VA-68  was  purchased  as  low  carbon  material, 
it  was  soon  apparent  that  the  carbon  content  was  in  excess 
of  the  maximum  capable  of  being  retained  in  solid  solution. 

None  of  the  ingots  that  exhibited  a  grain  boundary  precipitate 
could  be  extruded.  Ingots  produced  from  electrodes  of  higher 
carbon  content  showed  greater  amounts  of  precipitate,  as 
expected.  The  addition  of  titanium  to  the  high  carbon  material 
produced  not  only  an  additional  volume  of  deposit,  but  some 
precipitated  material  within  the  matrix.  This  is  shown  in 
the  lower  right  hand  photo  in  Figure  14.  The  dark  area 
surrounding  each  particle  indicates  where  material  was  re¬ 
moved  during  polishing  and/or  etching.  Additional  polishing 
or  etching  would  have  removed  the  material  holding  the 
particles  in  place  and  only  voids  would  have  remained. 

If  15  percent  molybdenum  were  the  major  alloying  con¬ 
stituent,  instead  of  0.6  percent  columbium,  the  general 
appearance  of  the  microstructures  in  Figures  12  through  18 
would  have  been  essentially  the  same  except  perhaps 

where  excesses  of  oxygen  existed  in  the  electrodes. 

Chemistry  data  on  electrodes  and  ingots  are  shown  in 
Tables  2,  3,  6,  7,  and  8.  Many  of  the  observations,  theories, 
and  conclusions  of  this  investigation  hinged  upon  the  sophisti¬ 
cation  of  certain  analytical  techniques  to  show  compositional 
variations  resulting  from  exposing  reactable  elements  to  the 
environment  created  by  melting  tungsten  in  a  vacuum  furnace. 
Reliable  thermodynamic  data  are  available  to  indicate  the 
reaction  direction,  even  though  certain  assumed  conditions 
of  equilibrium  are  not  even  closely  approached  under  actual 
conditions  of  melting.  Other  investigations  have  con¬ 

firmed  some  of  this  information. 

A  survey  of  analytical  techniques  and  results 
presented  a  fair  indication  of  the  results  that  may  be 
expected  when  portions  of  a  sample  are  analysed  in  several 
independent  laboratories.  The  data  in  Tables  7  and  8  show 
considerable  variation,  particularly  in  the  carbon  analyses, 
and  any  indications  pointing  to  loss  or  gain  of  interstitial 
elements  resulting  from  the  arc  melting  step  were  masked  by 
the  inability  to  obtain  satisfactory  analytical  results. 

While  some  variation  may  be  attributed  to  analytical  error, 
most  of  the  discrepancy  can  be  traced  to  the  method  of  obtain¬ 
ing  samples  from  the  electrodes. 

Electrode  samples  were  obtained  by  tapping  the  bar 
lightly  with  a  small  ball  peen  hammer  so  as  to  produce  a 
row  of  small  dents  around  the  circumference  of  the  bar, 
approximately  H  inch  from  the  end.  The  process  was  continued 
until  a  H  inch  slice  broke  neatly  from  the  electrode.  About 
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a  quarter  of  the  allce  was  submitted  as  a  single  fragment 
for  analysis  and  the  balance  uras  retained  in  case  additional 
analysis  became  necessary. 

Samples  from  electrode  stubs,  shown  in  Figure  19  were 
obtained  in  a  similar  manner,  but  care  was  taken  not  to 
include  material  which  had  obviously  liquified,  as  solid 
state  reactions  were  of  particular  interest,  inasmuch  as 
the  surfaces  surrounding  the  stub  samples  had  been  wet  by 
columbium,  it  was  safe  to  assume  that  the  samples  submitted 
had  been  heated  to  at  least  2450®C  (44C)0bF). 

Ingot  samples  were  obtained  according  to  the  diagram 
on  Figure  5.  They  were  cut  from  the  mid  radius  location 
with  a  silicon  carbide  wheel  using  a  large  stream  of  water 
as  a  coolant.  It  is  not  likely  that  sample  contamination 
occurred  during  the  cutting  operation. 

Although  oxygen  analyses  were  not  always  in  reasonable 
agreement,  residual  quantities  of  this  element  in  the  ingot 
did  not  appear  to  adversely  affect  the  workability  of  the 
arc  cast  material,  so  some  effort  was  directed  toward  resolv¬ 
ing  the  question  of  reproducibility  of  carbon  results.  It 
was  found  that,  except  for  the  extreme  ends  of  the  electrodes, 
carbon  contents  were  fairly  uniform  along  the  length  of  the 
bars.  The  greatest  difference  in  carbon  content  existed 
through  the  cross-section,  and  this  condition  was  believed 
to  have  been  caused  by  the  hydrogen  sintering  operation. 
Exterior  surfaces  of  high  carbon  electrodes  contained  a 
relatively  small  amount  of  carbon,  £uid  carbon  content  in¬ 
creased  as  samples  were  obtained  closer  to  the  center  of  the 
bar.  More  meaningful  results  could  have  been  obtained  if 
samples  of  uniform  thickness  were  cut  at  least  1  inch  from 
the  end  of  each  bar,  and  if  it  were  specified  that  the  entire 
slice  should  be  granulated  and  blended  before  removing  a 
sample  for  analysis.  This  procedure  may  have  made  oxygen 
analysis  difficult  because  the  chemist  prefers  a  solid  sam¬ 
ple  to  minimize  contamination. 

Notice  in  Table  7  that  nitrogen  and  hydrogen  levels 
show  a  general  tendency  to  be  higher  in  the  as-cast  material 
than  in  the  electrode  material.  This  trend  has  been  noted 
in  another  study  Perhaps  essential  differences  in 

physical  characteristics  of  sintered  material  as  compared 
to  arc  melted  material  should  be  considered  when  applying 
certain  analytical  techniques. 

The  data  in  Table  6  show  that  columbium  was  generally 
well  within  specified  limits,  and  also  that  predictable 
amounts  of  zirconium  could  be  found  in  the  ingots.  It  was 
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surprising  to  discover  that  fairly  large  amounts  of  titanium 
in  the  electrodes  were  almost  completely  eliminated  by  the 
arc  melting  step.  Spectrographic  analysis  showed  that  most 
of  the  trace  impurities  were  close  to  or  below  the  minimum 
detectable  limit  and  the  efficiency  of  the  arc  melting  pro¬ 
cess  in  removing  these  elements  could  not  be  determined. 

VII.  PRIMARY  BREAKDOWN  AND  SUBSEQUENT  EVALUATION 

A.  Extrusion 


Extrusion  is  the  only  conversion  process  that 
can  be  relied  upon  to  convert  arc  cast  tungsten 
base  billets  into  wrought  form  with  reasonable  suc- 
ces.  All  extrusions  for  this  program  wore  pro¬ 
duced  in  the  600  ton  high-speed  Lombard  horizontal 
press  which  is  located  at  ASD, 

Fourteen  of  the  seventeen  ingots  produced 
during  the  course  of  the  program  were  machined 
into  extrusion  billets  and  nine  of  these  were 
extruded  successfully.  All  of  the  ingots  that 
failed  to  extrude  contained  more  carbon  than  those 
that  extruded  and  all  exhibited  a  grain  boundary 
precipitate  under  high  magnification. 

Ingots  produced  in  the  3H-inch  mold  under 
the  various  conditions  of  melting  were  free  of 
surface  defects  to  the  extent  that  satisfactory 
extrusion  billets  2.945  t  .005  inches  in  diameter 
could  be  machined.  The  presence  or  absence  of 
defects  in  ingots  and  billets  was  determined 
visually. 

Ingots  containing  excess  carbon  were  no  more 
difficult  to  machine  than  any  of  the  others,  and 
generally  exhibited  better  as-machined  surfaces. 
Ingots  that  were  made  from  high-oxygen  electrodes 
generally  exhibited  the  worst  as-machined  sur¬ 
faces.  These  surfaces  are  compared  in  Figure  20. 
Ingots  made  from  high  oxygen  electrodes  showed  a 
tendency  to  chip  easily  and  the  pressure  of 
machining  would  always  cause  the  condition  shown 
in  Figure  20.  The  microstructures  show  no  concen¬ 
tration  of  a  second  phase  at  the  boundary,  nor 
do  analytical  results  indicate  that  oxide  levels 
differ  from  the  average,  yet  a  difference  in 
properties  is  noted  as  early  as  the  billet  machin¬ 
ing  stage. 
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Extrusion  data  are  sununarized  in  Table  10  and  all  successful 
extrusions  are  shown  in  Figure  21.  The  "K"  factor  values  listed 
in  Table  10  show  the  "extrudabillty  index"  for  the  W+0,6Cb  alloy 
by  establishing  a  relationship  between  billet  teeperature,  lubri¬ 
cation,  extrusion  pressure,  and  extrusion  ratio.  "K"  factor 
values  were  obtained  from  the  following  equation: 

„  P  ,  where 

K  -  - T — 

Ac  In  ^ 

^x 

K  s  extrusion  constant,  in  psi 

P  3  total  force  on  press  ram,  in  pounds, 
required  to  initiate  extrusion 

A  -  cross-sectional  area  of  container, 
in  square  inches 

A  =  cross-sectional  area  of  extrusion, 

*  in  square  Inches 

Since  a  3.062  inch  container  was  employed  for  all  extrusions, 
the  above  equation  may  be  simplified  by  combining  constants  to: 

V  —  lift  tons 

log  extrusion  ratio 

In  order  to  reduce  the  number  of  extrusion  variables  and 
thereby  provide  for  better  evaluation  of  arc  melting  variables, 
the  billet  length,  extrusion  temperature  and  extrusion  ratio  were 
held  constant  within  practical  limits.  A  nominal  billet  length 
of  5  inches,  an  extrusion  temperature  of  3800*^F,  and  a  reduction 
ratio  of  about  6.5:1  were  found  to  be  workable  parameters  for  the 
W-«-0.6Cb  alloy.  Round  orifice  dies  were  employed  to  insure  more 
uniform  deformation  ef  material. 

The  billet  from  ingot  VA-68  would  not  extrude  under  the 
above  conditions,  and  upon  examination  of  the  microstructure  of 
the  partially  deformed  billet,  it  appears  that  the  material  could 
not  have  been  coaxed  through  the  die  under  any  conditions.  Grain 
boundary  separation  was  so  severe  that  the  billet  crumbled  when 
clamped  for  sectioning.  The  material  surrounding  the  grains  is 
evident  even  at  low  magnification,  as  can  be  seen  in  Figure  22. 
Notice  that  this  deposit  is  apparently  not  present  in  structures 
from  ingot  VA-67,  shown  in  Figure  12.  The  material  does  not 
uniformly  envelop  each  grain  in  Figure  22.  It  was  liquid  at 
extrusion  temperature  and  forced  into  available  openings  when 
the  grains  separated  under  the  pressure  applied  by  the  extrusion 
press.  All  ingots  made  from  high  carbon  electrodes  in  niase  II 
reacted  similarly,  although  billet  disintegration  was  never  as 
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severe  as  it  was  with  ingot  VA-68,  A  typical  unextruded  billet 
is  shown  in  Figure  20,  and  all  other  billets  which  failed  to 
extrude  resemble  this  billet  very  closely.  Heating  to  4200®F 
and  reducing  the  extrusion  ratio  to  3.0:1  did  not  produce  the 
slightest  improvement. 

The  grain  boundary  deposit  shown  in  Figure  22  was  present 
in  all  unextruded  ingots,  although  structures  from  ingot  VA-87 
required  2000X  magnification  for  positive  identification  of  the 
deposit. 

The  specific  composition  of  this  material  is  not  known. 

It  is  translucent  and  appears  reddish  brown  and  amber  under 
carbon  arc  illumination.  "Miniature  probe"  analysis  detected 
iron,  and  samples  which  were  cut  with  an  abrasive  wheel,  using 
water  as  a  coolant,  were  observed  to  develop  a  rust-colored 
stain  around  exposed  crack  surfaces.  Also,  a  stylus  was  used  to 
break  off  some  of  the  deposit  which  was  exposed  by  drastically 
over  etching  the  sample,  and  these  particles  were  attracted  to  a 
magnet.  However,  the  spectrographic  analysis  (Table  6)  does  not 
indicate  a  high  concentration  of  iron  in  any  of  the  ingots  that 
failed  to  extrude,  and  the  single  conspicuous  element  is  carbon. 
While  it  is  not  evident  from  the  photomicrographs,  the  grain 
boundary  deposit  does  not  appear  to  consist  of  tungsten  carbide 
alone,  but  rather  a  solution  of  carbides,  including  iron  and 
possibly  columbium. 

Liquid  at  the  grain  boundaries  should  not  prevent  the 
material  from  passing  through  the  die,  and  it  should  emerge  as 
a  quantity  of  individual  grains  if  liquation  were  the  only  factor 
preventing  generation  of  high-integrity  extrusions.  High  carbon 
levels  apparently  contribute  greatly  to  the  ability  of  individual 
grains  to  resist  deformation  at  elevated  temperature. 

A  certain  amount  of  carbon  in  the  W+0.6Cb  alloy  is  tolerable, 
and  a  carbon  level,  higher  than  that  found  in  the  easily  extrud- 
able  billets  but  lower  than  that  in  the  unextrudable  billets, 
must  exist  which  would  produce  better  high  temperature  properties. 
This  level  was  not  determined.  The  presence  of  molybdenum  in 
tungsten  apparently  allows  carbon  to  be  present  in  larger 
quantities  while  still  permitting  satisfactory  deformation  by 
extrusion  and  other  methods'' and  carbon  levels  used  for 
property  improvement  in  W-Mo  alloys  are  in  a  range  suitable  for 
analytical  control(^).  Data  from  this  investigation  indicate  that 
carbon  additions  to  tf-t-0.6Cb  must  be  limited  to  small  concentrations 
where  techniques  for  analytical  control  may  not  be  satisfactory. 

Heat  treatment  of  the  as-cast  material  was  suggested  early  in 
the  program  as  a  means  to  promote  some  diffusion  of  troublesome 
constituents,  so  the  billet  blanks  were  preheated  slowly  to  1000°F 
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in  air  in  an  electric  furnace  to  prevent  cracking  resulting  from 
thermal  gradients  below  the  transition  temperature.  The  billets 
were  transferred  to  another  furnace  and  allowed  to  remain  at 
2200°F  for  1  hour  in  an  argon  atmosphere.  The  blanks  were  then 
returned  to  the  lOOQOF  furnace  and  slowly  returned  to  room 
temperature.  Oxidation  was  of  no  concern  because  of  the 
amount  of  material  removed  when  the  blank  was  machined  into  a 
billet.  The  effect  of  heat  treatment  on  hardness  is  shown  in 
Table  9. 

Billet  blanks  from  ingote  VA-78,  VA-79,  VA-81  and  VA-82 
were  subjected  to  the  treatment  just  described,  and  all  were 
extruded  without  difficulty,  as  can  be  seen  in  Table  10.  Ingot 
VA-83  was  long  enough  to  produce  two  five-inch  billets,  as 
mentioned  previously,  and  this  offered  an  opportunity  for  exper¬ 
imentation.  The  upper  section  of  this  ingot  was  heat-treated, 
the  lower  section  was  not.  If  the  billet  heat  treatment  step  was 
the  factor  enabling  successful  extrusion  of  the  W+0.6Cb  alloy, 
then  billet  VA— 83U  had  the  best  chance  to  produce  an  extrusion, 
so  it  was  scheduled  before  billet  VA-83L.  VA-83U  did  not 
extrude,  however,  and  the  unextruded  billet  is  shown  in  Figure  20. 
The  likelihood  of  extruding  VA— 83L  under  the  same  conditions  was 
small,  and,  as  mentioned  earlier,  heating  to  4200°F  and  using 
a  3:1  die  did  not  produce  results. 

Heat  treatment  is  apparently  ineffective  in  rendering  an 
otherwise  unextrudable  billet  of  W-t-O.GCb  alloy  capable  of  being 
extruded,  and  this  practice  was  discontinued.  Universal  Cyclops'^^ 
heat  treated  billets  of  unalloyed  tungsten  to  3100°F  for  two 
hours  without  obtaining  any  significant  effects. 

The  as-extruded  surfaces  of  the  material  exhibited  in 
Figure  21  ranged  from  excellent  to  poor.  The  best  and  worst 
surfaces  are  shown  in  Figures  23  and  24.  The  condition  shown 
in  Figure  24  was  observed  only  when  extruding  material  origina¬ 
ting  from  electrodes  with  a  high  oxygen  content.  Extrusion 
surfaces  could  have  been  improved  by  manipulation  of  arc  melting 
and  extrusion  variables,  however  extrusion  surface  quality  was 
secondary  to  the  workability  determination,  and  parameters  were 
maintained  as  previously  established  in  order  not  to  invalidate 
comparisons  essential  to  the  program* 

Some  extrusion  data  are  listed  on  the  following  page  for 
¥+0,6Cb  billets  produced  by  outside  suppliers  and^extruded  at 
3800  F  by  the  ASD  facility  for  another  program(io).  Data  are 
shown  to  compare  material  extrudability  ("K”  factor)  as  it 
might  be  influenced  by  melting  with  different  parameters  in 
different  furnaces,  however  the  values  listed  are  reasonably 
uniform. 
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Ingot 

Number 

Extr. 

No. 

Billet 

Weight 

(Pound^ 

Billet 

Length 

(Xnchei^ 

Ratio 

Breakthrough 
Pressure 
(Tons ) 

"K"  Fact< 
(psll 

ASP 

VA-78 

935 

22.8 

4.81 

6.4:1 

515 

75,600 

VA-79 

936 

22.1 

4.94 

8.3:1 

590 

76,000 

VA-81 

946 

23.2 

5.13 

6.4:1 

530 

77,700 

VA-82 

947 

23.3 

5.06 

6.4:1 

495 

72,600 

VA-86 

956 

23.0 

5.00 

6.4:1 

500 

73,200 

UNIVERSAL  CYCLOPS 

KC1138A 

752 

21.8 

4.75 

4.3:1 

420 

79,000 

KC1138B 

753 

21.8 

4.69 

8.0:1 

520 

80,500 

KC1146A 

755 

22.0 

4.75 

4.4:1 

480 

90,500 

KC1146B 

756 

20.7 

4.25 

5.7:1 

530 

82,000 

KC1145B 

762 

21.8 

4.75 

4.4:1 

480 

91,000 

WAH 

CHANG 

31015T 

992 

20.3 

4.31 

4.3:1 

410 

76,000 

31192B 

995 

22.3 

4.75 

6.8:1 

450 

64,000 

OREMET 

OMl 523-3 

997 

21.6 

4.63 

6.7:1 

560 

82,000 

Extrusions  were  sandblasted  to  remove  adhering  lubricant 
and  Sil-^-Cel,  and  marked  off  for  evaluation  sectioning  accord¬ 
ing  to  the  diagram  in  Figure  25.  The  nose,  center,  and  tail 
discs  were  used  for  hardness  determination  and  microexamination, 
and  the  material  between  these  discs  was  used  for  swaging  and 
forging  stock,  with  the  material  having  the  best  surface  chosen 
for  swaging. 

Samples  of  extrusions  956  and  974  were  cut  longitudinally 
for  macroexamination  to  determine  the  effect  of  the  original 
ingot  grain  size  on  the  wrought  structure.  Both  transverse  and 
longitudinal  sections  are  compared  in  Figure  26  and  the  differ¬ 
ences  are  obvious.  To  compare  the  transverse  and  longitudinal 
sections  of  ingots  from  which  these  extrusions  originated,  turn 
to  Figure  8  and  examine  VA-86  and  VA-92. 

Extrusion  hardness  data  are  listed  in  Table  11.  As  was  the 
case  with  ingot  hardness,  there  was  little  variation,  although 
trends  are  discernible.  The  center  sections  average  softer  than 
the  nose  and  tail  samples.  Tail  samples,  particularly  near  the 
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edge,  contain  the  hardest  portion  of  the  extrusions.  This  region 
was  subjected  to  contact  with  the  relatively  cold  container  and 
cold  follower  block  longer  than  any  other  portion  of  the  bar. 

Nicrostructures  of  all  extrusions  are  shown  in  Figures  27 
through  31.  Recrystallization  is  evident  in  varying  degrees  in 
all  center  slices.  The  tendency  of  the  W-«-0.6Cb  alloy  variations 
to  recrystallize  may  be  estimated  roughly  from  a  comparison  of 
the  microstructures.  The  center  samples  show  structure  repre¬ 
sentative  of  most  of  the  bar.  The  nose  samples  suffered  some 
heat  loss,  and  were  subjected  to  less  deformation,  while  the  tail 
samples  were  considerably  cooler  than  the  material  preceding  them 
through  the  die  for  the  reasons  given  in  the  previous  paragraph. 
Compare  Figures  27  and  28.  Figure  27  shows  samples  of  "standard" 
W-t-0.6Cb  alloy  extruded  at  6.4:1  and  8.3:1.  Most  of  the  recrystal¬ 
lization  occurred  in  the  center  sample,  while  significantly  less 
was  present  in  the  nose  sample  and  none  occurred  in  the  tail 
sample.  In  Figure  28,  extrusion  946  originated  from  ingot  VA-81 
which  contained  0.06  percent  zirconium,  and  the  center  sample  is 
only  slightly  recrystallized,  while  no  recrystallization  has 
occurred  in  either  nose  or  tail  sample.  Extrusions  955  and  964 
in  Figures  29  and  30  were  similar  in  composition  and  showed  simi¬ 
lar  recrystallization  tendencies.  Extrusion  947  (Figure  28)  orig¬ 
inated  from  ingot  VA-82  which  contained  a  small  amount  of  titanium 
in  the  electrode.  It  shows  a  strong  tendency  to  recrystallize,  as 
even  the  nose  and  tail  sections  show  considerable  quantities  of 
new  grains.  Some  original  as-cast  structure  is  present  in  the 
nose  sample,  attesting  to  the  small  amount  of  deformation  in  the 
center  of  the  nose  of  this  extrusion.  Since  only  a  small  fraction 
of  the  titanium  added  to  the  electrode  could  be  detected  in  the 
ingot,  it  is  apparent  that  an  increase  in  ingot  purity  occurred  as 
titanium  was  removed  along  with  those  residual  impurity  elements 
that  retard  recrystallization. 

Extrusions  956,  965  and  974  are  shown  in  Figures  29,  30,  and 
31.  This  material  was  produced  from  ingots  VA-86,  90  and  92  which 
were  made  from  high  oxygen  electrodes.  The  structures  resemble 
those  from  extrusions  935  and  936,  except  for  a  greater  tendency 
to  recrystallize.  The  similarity  of  structure  between  extrusions 
947  and  956,  and  the  low  "K"  factor  values  (see  Table  10)  suggest 
that  both  of  these  extrusions  were  made  from  ingots  of  higher  than 
average  purity.  Samples  of  extrusion  965  (Figure  30)  show  no  re¬ 
crystallization.  An  excessively  long  billet  transfer  time  caused 
by  difficulty  in  inserting  the  billet  into  the  container  allowed 
the  billet  to  lose  considerable  heat,  and  the  temperature  of  the 
extrusion  was  below  that  required  for  recrystallization  to  begin. 
Although  the  tail  sample  of  this  extrusion  showed  a  crack,  the 
balance  of  the  bar  was  sound.  Subsequent  evaluation  indicated 
that  the  recrystallization  behavior  of  extrusion  965  was  similar 
to  extrusions  935,  947,  and  956. 
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B,  Forging 

Samples  for  forging  were  cut  from  the  extrusions  accord¬ 
ing  to  the  diagram  on  Figure  25,  using  a  silicon  carbide  cut¬ 
off  wheel  (Allison  C120JRA).  Some  of  these  samples  are  shown 
in  Figure  32.  Inasmuch  as  this  material  was  known  to  be  par¬ 
tially  recrystallized,  all  specimens  were  heated  for  1  hour 
at  3200°F  (1760®C)  in  argon  to  insure  that  recrystallization 
was  complete.  Netallographic  examination  of  the  specimens 
after  forging  showed  that  the  annealing  procedure  produced 
the  desired  structure  in  samples  containing  zirconium,  but 
the  recrystallized  grain  size  was  somewhat  large  in  other 
specimens. 

Some  defects  evident  in  the  as-extruded  surface  still 
remained  after  machining  away  a  .060-inch  layer  of  material 
to  obtain  the  1.125-inch  diameter  forging  sample.  Other 
machined  samples  seemed  defect  free,  as  determined  visually, 
however  nearly  all  forgings  showed  ruptures  of  the  type  dis¬ 
played  in  Figure  32.  These  samples  were  oriented  specifically 
to  show  defects  and  were  stacked  in  the  order  of  removal  from 
the  extrusion.  It  is  uncertain  as  to  whether  the  defects  were 
present  in  the  ingot,  were  caused  by  billet  machining  practice, 
or  were  a  result  of  extrusion  practice.  Data  obtained  from 


forging 

studies  are 

listed 

below. 

Height 

(in.) 

% 

Ra  Hardness 

Samples 

Mach ' d 

Forged 

Red. 

Extr'd 

Annl'd 

Forged 

935 

2.251 

1.050 

53 

70.0 

68.6 

72.6 

946 

2.256 

0.995 

56 

70.7 

69.6 

72.6 

947 

2.250 

0.975 

57 

68.7 

69.0 

73.4 

955 

2.253 

1.047 

54 

69.3 

70.1 

71.5 

956 

2.260 

1.021 

55 

69.7 

69.4 

72.3 

964 

2.262 

1.020 

55 

72.0 

69.9 

71.7 

965 

2.252 

1.000 

55 

72.6 

72.9 

72.1 

C.  Recrystallization 

The  forged  samples  discussed  in  the  previous  section  were 
cut  Into  coupons  measuring  approxisuitely  0.50  x  0.40  x  0.25 
inches  and  subjected  to  various  annealing  temperatures  for 
various  times  to  establish  a  time-temperature  relationship 
for  the  beginning  and  ending  of  recrystallization  for  wrought 
samples  of  V-«-0.6Cb  (extrusion  935).  Samples  were  heated  in  a 
carbon  tube  furnace  in  argon,  and  were  placed  on  a  molybdenum 
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sheet  to  prevent  contamination  from  the  carbon  “boat". 

The  effect  of  heat-treatment  on  structure  was  determined 
metailographically. 

The  time- temperature  plot  shown  in  Figure  33  was 
obtained  as  a  result  of  this  study*  It  was  patterned 
after  similar  work  by  Bechtold'^^  on  molybdenum,  and  may 
be  compared  to  data  obtained  in  the  previous  program  on 
the  92W-6Mo-2Cb  alloy'*'.  Figure  33  tentatively  estab¬ 
lishes  hot  and  cold  working  temperatures  and  approximates 
the  permissible  time  at  temperature  for  stress  relief 
anneal  without  recrystallization. 

Forged  samples  of  extrusions  946  and  947  were  annealed 
and  the  results  compared  to  the  "standard"  W-t-O.SCb  extrusion 
(935)  to  demonstrate  the  effects  of  zirconium  and  titanium 
on  recrystallization  behavior  of  forged  samples.  It  was 
expected  that  the  slope  of  the  lines  indicating  the  begin¬ 
ning  and  end  of  recrystallization  would  be  about  the  same 
for  each  alloy,  however,  it  will  be  noted  in  Figure  33 
that  such  was  not  the  case.  Figure  34  shows  samples  of 
each  extrusion  that  were  heated  for  150  minutes  at  2800 °F 
(1550OC)  and  20  minutes  at  3200®F  (1760°C).  Recrystalliza¬ 
tion  had  Just  begun  in  samples  935  and  947  at  the  lower 
temperature,  and  had  not  begun  in  sample  946,  containing 
0.06%  zirconium.  At  the  higher  temperature,  recrystalliza¬ 
tion  is  complete  and  grain  growth  had  occurred  in  samples 
935  and  947,  while  sample  946  is  only  partially  recrystal¬ 
lized.  It  is  felt  that  a  more  uniform  as-forged  grain 
size  can  be  obtained  by  varying  annealing  conditions  to 
suit  the  characteristics  of  each  alloy.  Work  is  still 
in  progress,  and  additional  results  from  this  study  will 
be  contained  in  a  report  to  be  published  by  ASD. 

D.  Swaging 

A  portion  of  each  extrusion  (except  974)  was  submitted 
to  the  tfestinghouse  Materials  Manufacturing  Division, 
Blairsville,  Pennsylvania,  for  swaging  in  the  Torrington 
1406  machine.  The  section  of  extrusion  between  the  nose 
and  center  samples  (Figure  25),  measuring  about  10  inches 
long  and  1.22  Inches  in  diameter,  generally  exhibited  the 
best  surface  and  was  used  for  the  swaging  study.  Five  die 
sizes  were  employed  to  swage  the  bars  to  .625-inch  stock 
which  was  considered  suitable  for  machining  into  tensile 
specimens. 

Five  of  the  extrusions  had  to  be  heated  to  at  least 
2800°F  (1550OC)  before  swaging  could  be  accomplished,  but 
the  three  bars  containing  zirconium  could  not  be  swaged  at 
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this  temperature  and  were  heated  to  2900°F  (1600°C)  so 
that  they  could  be  worked  satisfactorily.  The  extrusion 
sections  were  first  swaged  with  a  1.125-lnch  die  (15% 
reduction)  and  then  with  a  .947-inch  die  (30%  reduction). 
Samples  were  removed  from  each  bar  and  the  transverse 
microstructure  of  these  samples  is  shown  in  Figure  35. 

Up  to  this  point  the  material  had  been  subjected  to  a 
40%  reduction  in  area  from  the  extruded  cross-section, 
and  comparing  these  microstructures  with  those  of  the 
as-extruded  bar  (Figures  27  to  30),  it  may  be  observed 
that  some  additional  recrystallization  had  occurred  in 
each  specimen.  The  relative  tendency  for  each  material 
to  recrystallize  during  swaging  follows  the  trends  indi¬ 
cated  by  the  center  samples  of  the  extrusions. 

All  samples  (except  936)  were  annealed  at  3100°F 
(1700°C)  in  a  hydrogen  atmosphere.  The  bars  from  extru¬ 
sions  946,  955,  and  964  were  held  at  temperature  for  90 
minutes  and  the  balance  of  the  material  was  annealed  for 
75  minutes.  The  bars  were  then  swaged  using  .850,  .750, 
and  .627  inch  dies,  giving  a  total  reduction  in  area  of 
56  percent  from  the  annealed  .947-inch  bars.  The  trans¬ 
verse  microstructures  of  the  samples  removed  from  the 
bars  after  the  final  swaging  pass  are  shown  in  Figure  36. 
Sample  936,  which  was  not  subjected  to  the  annealing 
cycle,  had  completely  recrystallized  during  heating  to 
the  swaging  temperature.  Samples  from  bars  946,  955,  and 
964  that  contained  minor  amounts  of  zirconium  exhibit  a 
fine  grain  size,  even  though  they  were  held  at  annealing 
temperature  somewhat  longer  than  the  other  bars.  Compare 
the  wrought  micDOstructures  in  Figure  36  with  the  ingot 
macrostructures  in  Figures  8,  9,  and  11. 

E.  Tensile  Testing 

Seven  of  the  eight  samples  of  swaged  bar  were  machined 
into  standard  vacuum  creep-rupture  specimens  (Figure  37). 
The  microstructures  in  Figure  36  are  considered  repre¬ 
sentative  of  the  structures  in  the  tensile  specimens.  The 
specimen  from  bar  956  broke  during  the  finish-machining 
step,  and  it  was  noted  later,  during  removal  of  samples 
for  microexamination,  that  the  rest  of  the  bar  contained 
a  number  of  longitudinal  cracks.  The  cause  of  these 
internal  fractures  was  not  determined. 

The  data  from  the  remaining  samples  are  shown  in 
Table  12.  The  values  obtained  from  samples  935,  936,  947, 
and  965  are  considered  typical  for  the  W+0.6Cb  alloy  under 
the  conditions  of  testing,  however  the  properties  exhibited 
by  samples  946,  955,  and  964  have  been  improved  by  the 
presence  of  zirconium  and  titanium.  Compare  the  relative 
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stress  values  in  Table  12  with  the  relative  ''maximum 
force"  and  "K  factor"  values  in  Table  10. 

Considering  the  property  improvement  obtained  by 
adding  zirconium  and  zirconium  plus  titanium  to  W4-0.6Cbf 
it  appears  that  this  material  warrants  further  investi¬ 
gation.  More  zirconium  could  have  been  added  before 
extrusion  pressures  become  high  enough  (about  600  to 
620  tons)  to  stall  the  ASD  press,  and  if  this  had 
occurred,  billets  could  have  been  heated  to  a  higher 
temperature  and/or  the  extrusion  ratio  could  have  been 
reduced. 

VIII.  INTERNAL  SUPPORT 

Nine  heats  of  the  92kf-6Mo-2Cb  alloy  have  been  prepared 
under  the  "Internal  Support"  program  of  this  contract.  Figure 
38  shows  threaded  electrode  sections  of  94  tungsten  -  6  molybdenum 
to  which  2  percent  columbium  will  be  added  in  the  form  of  wire. 

The  94W-6MO  material  has  a  better  green  strength  than  pure 
tungsten  and  electrodes  may  be  obtained  in  consistently  long 
lengths.  Pure  tungsten  electrode  sections  are  shown  in 
Figure  3.  The  glossy  finish  simplifies  the  task  of  keeping 
the  exterior  free  of  greasy  fingerprints  and  other  matter.  The 
melting  characteristics  of  the  most  recent  lot  of  electrodes  are 
about  the  same  as  obtained  from  the  previous  lot,  although 
5800  amperes  are  now  used  for  melting  instead  of  5500« in  an 
attempt  to  obtain  better  ingot  surfaces. 

Poor  extrusion  surfaces  have  become  a  serious  problem  with 
the  92-6-2  alloy  in  the  present  material  evaluation  program. 

The  defects  are  believed  to  be  a  function  of  ingot  surface  and/ 
or  arc  melting  practice.  Extrusions  produced  from  ingots  melted 
during  the  previous  program' exhibited  better  surfaces  and 
the  only  extrusion  defect  of  similar  magnitude  to  the  ones  that 
are  currently  the  center  of  attention  was  found  in  an  extrusion 
from  an  ingot  melted  with  only  4500  amperes. 

An  example  of  an  unsatisfactory  ingot  surface  is  shown  in 
the  right  hand  photo  of  Figure  39  and  is  the  result  of  both 
insufficient  stirring  and  electrode  camber.  The  opposite  side 
of  this  ingot  resembles  the  photo  on  the  left,  the  surface  of 
which  is  considered  satisfactory,  but  not  good.  Ingot  defects 
which  extend  deep  enough  to  preclude  their  removal  by  machining 
to  billet  diameter  produce  the  surface  effect  shown  in  the 
bottom  photo  of  Figure  39.  Improved  ingot  and  billet  surfaces 
can  be  obtained  by  increasing  the  stirring  current,  increasing 
the  melting  current,  and  by  increasing  the  mold  diameter.  The 
latter  alternative  will  result  in  greater  material  loss  because 
of  additional  machining  required  to  achieve  the  same  billet 
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diameter,  but  may  produce  superior  extrusions  and  ultimately 
larger  useable  yields. 

Melting  data  for  internal  work  are  summarized  in  Table  13 
and  electrode  melting  rate  vs.  input  is  plotted  in  Figure  40 
as  an  extension  of  data  obtained  on  this  alloy  during  the  pre¬ 
vious  arc  melting  program. 

Melting  of  columbium  base  alloys  containing  up  to  5  per¬ 
cent  molybdenum  and  tungsten  is  also  part  of  the  internal 
support  program.  Two-inch  diameter  molds  were  designed  to 
produce  small  ingots  because  of  the  expense  of  columbium  base 
alloys.  One  ingot  of  pure  columbium  was  produced  with  this 
equipment  and  is  shown  in  Figure  41.  Examination  of  sections 
of  this  ingot  showed  that  it  was  excellent,  but  the  melting 
parameters  leave  much  to  be  desired.  The  minimum  current 
required  to  maintain  a  stable  arc  was  1600  eunperes  and  the 
electrode  was  consumed  very  quickly  at  this  power  level.  When 
1500  amperes  or  less  was  used,  the  arc  would  climb  the  elec¬ 
trode  and  stabilize  between  the  electrode  adapter  and  stinger 
rod  seal  extension,  a  condition  that  would  soon  cause  penetra¬ 
tion  of  the  furnace  shell. 

Two  ingots  of  pure  tungsten  have  been  made  in  the  2-inch 
molds  from  electrodes  measuring  about  1  inch  in  diameter. 
Satisfactory  electrode  consumption  was  achieved  at  3200  to 
3400  amperes  and  no  mold  damage  occurred.  No  references  could 
be  located  describing  successful  production  of  similar  size 
ingots  using  DC  straight  polarity  as  a  power  source. 

The  internal  support  program  calls  for  columbium-base 
alloys  containing  various  amounts  of  molybdenum  and  tungsten. 
The  original  intent  was  to  add  molybdenum  and  tungsten  wire  to 
a  central  electrode  of  pure  columbium,  however  the  minimum 
electrode  melting  rate  is  so  rapid  that  insufficient  time  is 
available  for  the  melting  and  solution  of  tungsten.  The  melt¬ 
ing  points  of  columbium  and  molybdenum  are  close  enough  that 
no  such  problems  are  anticipated. 

Columbium  alloys  of  the  desired  composition  were  obtained 
in  billet  form  for  extrusion  into  1-inch  and  ^-inch  bars.  Some 
of  these  pre-alloyed  bars  will  ultimately  be  used  as  electrodes 
to  produce  2-inch  ingots  of  columbium  base  alloy. 

IX.  EQUIPMENT  MODIFICATIONS 

The  molds  designed  to  produce  2-inch  ingots  of  columbium 
base  alloy  are  shown  in  Figure  42  along  with  other  items 
necessary  to  adapt  the  smaller  mold  to  existing  equipment.  The 
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molds  are  machined  from  3-inch  O.D.  x  2-inch  I.D.  OFHC  copper 
tubing  and  a  6-inch  flange  is  silver  soldered  to  the  top. 

The  molds  were  made  as  short  as  possible  (9H  inches)  to  mini¬ 
mize  the  effect  of  the  small  cross-sectional  area  through 
which  any  evolved  gases  must  pass  as  they  are  removed  from  the 
region  of  melting.  The  adapter  plate  covers  the  8-inch  open¬ 
ing  in  the  furnace  and  permits  use  of  the  6-inch  mold  flange. 

The  liner  fits  into  the  water  jacket  (Figure  2)  and  reduces 
the  annular  space  of  the  jacket  to  a  .125  inch  clearance  around 
the  smaller  mold.  The  mold  bottom  war  made  longer  than  neces¬ 
sary  so  that  the  existing  conductor  tube  can  be  used  with  both 
mold  sizes. 

Four  inch  diameter  molds  have  been  modified  and  a  new 
water  jacket  was  machined  to  produce  4-inch  ingots  of  92-6-2 
alloy  for  the  extrusion  contract.  Design  features  are  ident¬ 
ical  to  those  employed  for  the  3)^-inch  molds  used  previously, 
and  ten  4-inch  ingots  of  92-6-2  alloy  have  been  melted  success¬ 
fully. 

X.  CONCLUSIONS 

1.  Sound  3^  and  4-inch  diameter  tungsten  base  (W-(-0.6Cb 
and  92W-6Mo-2Cb)  ingots  can  be  produced  consistently,  with  no 
difficulty  from  mold  burn-through,  by  the  melting  techniques 
developed  in  this  Investigation. 

2.  The  size  of  columnar  grains  in  arc  cast  tf+0.6Cb  ingots 
is  decreased  by  rapid  melting  rates  and  by  minor  additions  of 
zirconium  (0.06  to  0.12^)  and  carbon  (50  to  250  ppm).  The 
ingot  grain  size  is  increased  by  slow  melting  rates  and  by 
minor  additions  of  titanium  (0.04%)  and  oxygen  (500  to  1000  ppm). 

3.  Carbon  content  significantly  affects  the  extrudability 
of  the  V-i-0.6Cb  alloy,  and  ingots  containing  more  than  50  ppm 

of  carbon  could  not  be  extruded.  Oxygen  (500  to  1000  ppm)  is 
tolerable  in  sintered  tungsten  electrodes  as  nearly  all  of  it 
is  eliminated  during  arc  melting. 

4.  Minor  additions  of  zirconium  (0.06  to  0.12%)  improved 
the  elevated  temperature  tensile  properties  of  the  W-t-0.6Cb  alloy. 
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TABLE  1 


ELECTRODE  CHARACTERISTICS 


As  Kec'd  Machined  Dianeter 


Electrode 

Number 

Powder 

Lot 

Density 

w) 

wt. 

(lb.) 

L 

(in.) 

Camber 
(in. ) 

wt. 

(lb.) 

L 

(In.) 

Max. 
(in.  ) 

Min. 

(In.) 

Lb. /In. 

Ingot 

06208-2 

3388 

92.6 

30.6 

26.88 

1/16 

29.9 

26.63 

1.505 

1.492 

1.12 

VA-68 

06208-6 

5388 

92.7 

32.6 

27.75 

1/16 

31.9 

27.38 

1.520 

1.497 

1.16 

VA-67 

09115-1^®^  5388 

92.9 

41.0 

28.00 

0 

34.4 

27.63 

1.652 

1.620 

1.25 

VA-83 

09115-2^*’^  3388 

95.1 

39.1 

27.38 

— 

22.2 

20.63 

1.703 

1.247 

— 

VA-66 

09115-4^*^  5388 

95.6 

45,0 

27.88 

0 

34.6 

27.63 

1.625 

1.615 

1.25 

VA-83 

09297-4 

3782 

92.6 

29,8 

22.75 

1/16 

27.4 

21.75 

1.640 

1.610 

1.31 

VA-81 

09297-5 

3782 

92.4 

25.7 

19.50 

3/32 

22.3 

17.63 

1.655 

1.625 

1.32 

VA-80 

09297-6 

5782 

92.0 

18.6 

14.65 

3/32 

17.7 

13.63 

1.646 

1.605 

1.27 

VA-81 

09297-7 

5782 

92.4 

17.6 

15.25 

1/16 

16.6 

12.50 

1.657 

1.617 

1.33 

VA-82 

09297-8 

5782 

92.2 

31.5 

23.38 

1/16 

28.9 

22.25 

1.685 

1.648 

1.34 

vA-78 

09297-9 

5782 

92.4 

26.0 

19.50 

1/16 

25.6 

18.38 

1.660 

1.616 

1.33 

VA-80 

09297-10 

5782 

92.2 

32.3 

24.00 

1/16 

30.9 

22.75 

1.708 

1.640 

1.34 

VA-78 

09297-11 

3782 

92.5 

28.7 

22.50 

1/8 

26.4 

21.13 

1.645 

1.594 

1.27 

VA-d2 

09297-12^^^3782 

92.6 

30.0 

23.00 

— 

25.4 

19.50 

1.632 

1.622 

1.30 

VA-85 

09297-13^^^5782 

92.6 

50.0 

23.00 

24«€ 

19«28 

1.638 

1.613 

1.30 

VA-85 

09297-14 

3782 

92.0 

29.4 

23.00 

1/16 

27.0 

21.75 

1.640 

1.610 

1.28 

VA-79 

09297-16 

3782 

92.5 

28.9 

22.88 

3/32 

27.3 

22.00 

1.630 

1.585 

1.26 

VA-89 

11234-1 

M621137 

92.6 

30.8 

21.68 

1/8 

29.0 

21.00 

1.705 

1.665 

1.41 

VA-88 

11234-2 

M621137 

92.6 

31.7 

22.63 

1/16 

29.6 

21.38 

1.715 

1.655 

1.40 

VA-88 

11234-3 

M621137 

92.6 

32.3 

23.50 

1/32 

30.0 

22.13 

1.678 

1.647 

1.37 

VA-91 

11234-4 

M621137 

92.6 

32.2 

23.50 

3/32 

30.6 

22.63 

1.705 

1.650 

1.37 

WC-1 

WC8-111 

89.7 

33.1 

00 

. 

CM 

3/16 

30,6 

23.88 

1.670 

1.622 

1.30 

VA-86 

WC-2 

WC8-111 

89.7 

35.5 

26.00 

1/4 

33.7 

25.13 

1.750 

1.660 

1.36 

WC-3 

WC8-111 

89.5 

33.1 

24.25 

5/16 

30.8 

22.94 

1.758 

1.670 

1.36 

WC-4 

WC8-111 

89.8 

33.2 

23.63 

7/32 

30.2 

21.80 

1.787 

1.709 

1.40 

WC-5 

WC8-111 

89.7 

35.6 

26.13 

5/32 

33.1 

24.75 

1.711 

1.637 

1.37 

VA-86 

W3-l-C^®^ 

H1496 

92.4 

19.1 

16.00 

17.5 

14.50 

1.560 

1.545 

1.20 

VA-87 

W5-1-C 

H1496 

91.7 

21.3 

18.75 

3/32 

19.9 

17.06 

1.575 

1.500 

1.16 

VA-87 

V6-2-0 

H2071 

90.7 

18.8 

17.50 

1/8 

16.0 

. 

00 

QD 

1.523 

1.468 

1.07 

VA-90 

W6-3-0 

H2071 

90.7 

18.6 

17.00 

1/32 

16.8 

15.25 

1.516 

1.499 

1.10 

VA-90 

V6-5-0 

H2071 

87.0 

15.2 

13.00 

1/16 

14.4 

12.50 

1.635 

1.604 

1.17 

VA-92 

W7-l-0^®^ 

H21S1 

92.4 

21.6 

19.25 

19.7 

17.88 

1.496 

1.460 

1.12 

VA-92 

W7-2-0 

H2151 

93.2 

14.3 

13.50 

1/16 

12.4 

12.00 

1.450 

1.400 

1.06 

VA-92 

(a)  Electrode  machined  to  1.625  for  entire  length. 

(b)  Electrode  machined  to  1.250  and  1.500. 

(c)  Electrode  broken  in  shipment. 

"V**  electrodes  supplied  by  kfestinghouse  Electric  Corp.,  Blairsville,  Pa. 
''VC  electrodes  supplied  by  Vah  Chang  Corp.,  Albany,  Oregon. 

All  other  electrodes  supplied  by  General  Electric  Corp.,  Cleveland,  Ohio. 
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SUPPLIERS'  ANALYSES  OF  MELTING  MATERIAL 
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TABLE  4 


TYPICAL  MELT  RECORD  OF  W+O.GCb 


Ingot  number  VA-78 

Electrodes  09297-8 (upper)  09297-10( lower) 
Electrode  size  1.7  x  45” 

Mold  size  3.5  x  18.5 
Starting  pad  weight  9.1  lb. 

Furnace  starting  pressure  0.006  microns 

Electrode 


Time 

Pressure 

Stirring 

Travel 

Min. 

Sec  s 

Amperes 

Volts 

(Microns 

)  (Amperes) 

(Inches)  Remarks 

0 

10 

3600 

36 

0.02 

2 

0 

1 

10 

4500 

28 

0.02 

2 

0 

2 

30 

5000 

28 

0.03 

2 

0 

3 

15 

5500 

28 

0.03 

3 

2 

6 

00 

5800 

29 

0.03 

3 

3  Stirring 

8 

50 

5800 

28 

0.05 

3 

clockwise 

12 

25 

5800 

28 

0.04 

3 

6 

16 

00 

5800 

27 

0.03 

3 

8 

22 

17 

5800 

28 

0.03 

3 

12 

32 

30 

5800 

28 

0.02 

3 

21 

34 

50 

5800 

28 

0.03 

3 

23 

38 

10 

5800 

28 

0.02 

1 

26 

38 

20 

3400 

26 

0.02 

1 

Hot  topping 

39 

10 

2500 

28 

0.01 

1 

— 

39 

50 

— — 

— 

0.01 

— 

~  Power  off 

Ingot  weight,  52.0  lb.  (including  pad) 
Electrode  stub  weight  17.2  lb. 
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Analyses  perfonsed  by  Le  Doux  Co.«  Inc*,  Teaneck,  N.J.  Analytical  aethods:  carbon  -  conductoaatric;  oxygen  -  inert  gas 
fusion;  nitrogen  *  aicrokjeldahl;  hydrogen  -  vacuua  extraction;  coluoibiiui  -  photo-coloriaetric;  others  -  spectrographlc* 

All  analyses  reported  in  parts  per  aillion  unless  indicated  otherwise* 

*  Indicates  that  actual  values  are  less  than  values  shown,  which  are  the  lower  limit  of  detection  for  the  analytical 
■ethod  used* 


TABLE  7 


RELATIVE  INTERSTITIAL  LEVEL  OF  ELECTRODES,  ELECTRODE  STUBS, 

AND  INGOTS 


ppm  Carbon 

ppm  OxYKen  ppm 

NitroRen 

ppm  HydroKen 

06208-8 

93 

18 

4 

3.3 

Stub 

77 

9 

8 

2.0 

VA-68 

44 

9 

9 

8.3 

09115-4 

47 

5 

7 

2.9 

Stub 

62 

7 

19 

3.9 

VA-83 

123 

8 

13 

3.7 

W3-1-C 

10 

30 

7 

4.0 

Stub 

14 

53 

10 

4.0 

VA-87 

51 

25 

12 

1.8 

11234-2 

45 

25 

13 

4.3 

Stub 

89 

22 

19 

3.8 

VA-88 

226 

15 

20 

2.1 

11234-3 

70 

20 

8 

5.0 

Stub 

96 

18 

10 

4.0 

VA-91 

157 

28 

19 

1.8 

WC-5 

36 

8 

7 

6.6 

Stub 

8 

14 

18 

3.4 

VA-86 

6 

21 

6 

1.2 

W6-3-0 

23 

552 

8 

5.4 

Stub 

15 

560 

16 

3.4 

VA-90 

21 

31 

18 

0.5 

W7-1-0 

18 

910 

12 

2.5 

Stub 

840 

20 

2.6 

VA-92 

25 

12 

12 

2.4 

09297-8 

22 

5 

9 

1.2 

Stub 

22 

15 

9 

5.3 

VA-78 

10 

17 

22 

1.1 

09297-14 

38 

6 

15 

1.4 

Stub 

20 

12 

10 

2.5 

VA-79 

18 

9 

14 

0.8 

09297-9 

27 

2 

4 

1.2 

Stub 

24 

14 

18 

2.1 

VA-80 

9 

20 

10 

0.9 

09297-4 

21 

9 

10 

1.1 

Stub 

20 

19 

5 

2.2 

VA-81 

10 

18 

26 

1.5 

09297-11 

27 

10 

8 

0.9 

Stub 

23 

16 

27 

1.5 

VA-82 

8 

19 

28 

2.3 

36 


TABLE  8 


COMPARATIVE  CARBON  AND  OXYGEN  ANALYSES  FOR  W+0.6Cb  SAMPLES 


Sample 

ppm  Carbon 

ppm  Oxygen 

09115-4 

Stub 

VA-83 

135(a),  27, 47(b),  22(e) 
62(b) 

123(b),  120(e) 

12(a),  5(b),  36(d) 

7(b) 

8(b),  9(e) 

W3-1-C 

Stub 

VA-87 

10(b),  50, 80(d) 

14(b),  37(e) 

51(b),  59(e) 

30(b),  53.60(d) 

53(b),  64(d) 

25(b),  7(d) 

11234-2 

Stub 

VA-88 

240(a),  45.49(b),  34(e) 
89(b),  210(e) 

226(b),  230, 230(e) 

4(a),  25(b),  19(d) 
22(b),  22(d) 

15(b),  8(d) 

11234-3 

Stub 

VA-91 

240(a),  70, 125(b),  120(e) 
96(b),  54(e) 

157(b),  230, 230(e) 

4(a),  20(b),  40(d) 
18(b),  47(d) 

28(b),  5, 11(e) 

WC-5 

Stub 

VA-86 

10, 36(b),  ^30(c),  17(e) 
8(b),  32(e) 

6(b),  17(e) 

6, 8(b),  50(c),  13(d) 
14(b),,  24(d) 

21(b),  12(d) 

W6-3-0 

Stub 

VA-90 

23(b),  29(d) 

15(b),  17(e) 

21(b),  15(e) 

552(b),  500(d) 

560(b),  480(d) 

31(b),  5(d) 

W7-1-0 

Stub 

VA-92 

18(b) 

6(e) 

25(b),  11(e) 

910(b) 

840(b),  1052(d) 

12(b),  6(d) 

09297-8 

Stub 

VA-78 

<10(a),  22(b),  14(e) 

22(b),  9(e) 

10(b),  22(e) 

25(a),  5(b),  36(d) 
15(b),  27(d) 

17(b),  7(dJ,  4, 8(e) 

09297-14 

Stub 

VA-79 

<10(a),  38(b),  24(e) 

20(b),  14(e) 

18(b),  15(e) 

25(a),  6(b),  33(d) 
12(b),  36(d) 

9(b),  11(d) 

09297-9 

Stub 

VA-80 

<10(a),  27(b),  9(e) 

24(b),  5(e) 

9(b),  18(e) 

25(a),  2(b),  27(d) 
14(b),  33(d) 

20(b),  5, 27(d),  154(e) 

09297-4 

Stub 

VA-81 

<10(a),  21(b),  5(e) 

20(b),  14(e) 

10(b),  19(e) 

25(a),  9(b),  23(d) 
19(b),  58(d) 

18(b),  8, 10(e) 

09297-11 

Stub 

VA-82 

<10(a),  27(b),  9(e) 

23(b),  14(e) 

8(b),  34(e) 

25(a),  10(b),  32(d) 
16(b),  48(d) 

19(b),  9(d) 

(a)  General  Electric  Corp# ,  Cleveland,  Ohio 

(b)  Le  Ooux  Co.,  Inc.-  Teaneck,  N.  J. 

(c)  Wah  Chang  Corp. ,  Albany,  Oregon 

(d)  Westinghouse  Electric  Corp.,  Blairsville,  Pa. 

(e;  Westinghouse  Research  Laboratories,  Churchill,  Pa. 
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TABLE  9 

HARDNESS  OF  V+0.6Cb  INGOTS 
(Average  of  5  Ra  Readings) 


Center  Mid  Radius  Edge 


Ingot 

Number 

As 

Cast 

Heat 

Treated 

As 

Cast 

Heat 

Treated 

As 

Cast 

Heat 

Treated 

♦VA-68 

top 

70.4 

70.2 

69.4 

VA-78 

top 

bottom 

65.5 

68.1 

69.0 

69.2 

66.7 

66.1 

66.6 

68.2 

66.3 

62.9 

65.4 

VA-79 

top 

bottom 

67.0 

69.0 

69.6 

66.4 

67.0 

64.8 

67.0 

67.6 

64.8 

66.2 

VA-81 

top 

bottom 

68.6 

68.6 

65.2 

67.6 

68.8 

66.6 

69.0 

67.0 

67.8 

65.0 

63.2 

63.6 

VA-82 

top 

bottom 

68.6 

68.2 

69.0 

67.4 

68.2 

68.4 

68.0 

67.0 

67.6 

65.8 

66.2 

66.2 

— 

69.8 

69.8 

. — . 

68.8 

69.2 

— 

67.0 

64.2 

68.2 

69.8 

- — - 

69.0 

66.4 

— 

65.6 

66.4 

VA-85 

top 

bottom 

69.0 

68.6 

69.0 

67.0 

— 

— 

— 

VA-86 

top 

bottom 

68.0 

69.4 

— 

69.2 

68.4 

— 

— 

— 

top 

bottom 

69.4 

68.2 

69.0 

68.8 

♦VA-87 

— 

— 

— 

— 

top 

bottom 

70.4 

69.4 

70.0 

68.8 

♦VA-88 

— 

— 

— 

VA-89 

top 

bottom 

top 

bottom 

68.6 

69.0 

70.2 

68.6 

68.0 

68.2 

69.2 

68.6 

64.8 

62.0 

63.2 

58.4 

VA-90 

— 

— 

top 

bottom 

69.6 

70.4 

69.8 

69.6 

66.2 

66.0 

♦VA-91 

top 

bottom 

69.0 

68.8 

68.2 

68.6 

68.8 

66.4 

VA-92 

— 

— — 

Averages 

1 

68.8 

(68.3) 

68.6 

68.3 

(67.6) 

67.6 

65.5 

(66.3) 

65.3 

Figures  In  (  )  indicate  average  hardness  of  ingots  up  to  VA-83 
for  coaparison  with  beat-treated  hardness. 


*Indicates  ingots  that  would  not  extrude. 
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TABLE  10 


SUMMARY  OF  W+0.6  Cb  EXTRUSION  DATA 


Extr. 

No. 

Ingot 

No. 

Billet 
Sise 
(in. ) 

Billet 

Wt. 

(lb.) 

Glass 

Extr. 

a 

Ratio 

Max. 
Force 
( tons ) 

Min. 
Force 
( tons  > 

Peak 

•K" 

Factor 

Extr. 

Dia. 

(in.) 

Remarks 

A  9*1 

740 

640 

Stuck 

w 

3.625  L 

Ao  • 

935 

VA-78 

2.942  9 
4.813  L 

22.8 

7810 

3800 

6.4:1 

515 

470 

75,600 

1.208 

Exc.  surface 

936 

VA-79 

2.940  9 
4.938  L 

22.1 

7810 

3800 

8.3:1 

590 

560 

76,000 

1.065 

Exc.  surface 

946 

VA-81 

2.940  9 
5.125  L 

23.2 

7810 

3800 

6.4:1 

530 

470 

77,700 

1.213 

VG  surface 

947 

VA-82 

2.937  9 
5.063  L 

23.3 

7810 

3800 

6.4:1 

495 

470 

72,600 

1.212 

Gd  surface 

720 

Stuck 

948 

VA— 83U 

5.000  L 

951 

620 

Stuck 

V 

5.000  L 

955 

vA-es 

2.940  9 
5.031  L 

23.2 

7810 

3800 

6.4:1 

570 

520 

83,500 

1.208 

Gd  surface 

956 

VA>86 

2.937  9 
5.000  L 

23.0 

7810 

3800 

6.4:1 

500 

430 

73,200 

1.215 

Gd  surface 

957 

VA-87 

2.942  9 
5.000  L 

23.1 

7810 

3800 

6.4:1 

630 

— 

Stuck 

958 

YA-eS 

2.944  9 

5.031  L 

23.4 

7810 

3800 

6.4:1 

590 

Stuck 

964 

VA-89 

2.938  9 
5.031  L 

23.2 

7810 

3800 

6.3:1 

550 

480 

81,300 

1.220 

Fr  surface 

965 

VA-90 

2.945  9 

5.031  L 

23.3 

7810 

3800 

6.2:1 

No  Reading 

1.228 

38  sec  transf 
Fr  surface 

966 

VA-91 

2.940  9 
4.983  L 

23.0 

7810 

3800 

6.4:1 

640 

Stuck 

974 

VA-92 

2.938  9 

23.2 

7810 

3800 

6.3:1 

570 

400 

84,200 

1.220 

Pr  surface 

5.031  L 

Billet  end  shape,  0.25''  x  45^^  bevel 

Nose  block,  1018  steel  coated  with  8871  glass  and  heated  to  1600®F 
Follower  block,  machined  graphite 
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TABLE  11 


HARDNESS  OF  W+0.6Cb  EXTRUSIONS 
(Average  of  3  Ra  Readings) 


Extrusion 


(Ingot) 

Nose 

Center 

Tn-i  1 

Number 

Center 

Edge 

Center 

Edge 

69.7 

Center 

73.0 

Edge 

73.0 

935 

(VA-78) 

70.7 

71.3 

70.0 

936 

(VA-79) 

69.0 

68.7 

70.3 

69.7 

72.0 

72.7 

946 

(VA-81) 

71.0 

73.0 

70.7 

71.7 

72.3 

72.7 

947 

(VA-82) 

70.3 

71.3 

68.7 

69.7 

72.0 

72.6 

955 

(VA-85) 

69.3 

72.0 

69.3 

69.0 

72.7 

73.3 

956 

(VA-86) 

69.3 

69.3 

69.7 

69.3 

71.0 

72,0 

964 

(VA-89) 

72.3 

73.0 

72.0 

71.0 

73.3 

72.3 

965 

(VA-90) 

73.6 

73.0 

72.6 

73.0 

73.0 

72.6 

974 

(VA-92) 

71.0 

72.3 

69.7 

70.0 

73.0 

72.7 

Averages 

70.7 

71.5 

70.3 

70.3 

72.5 

72.6 
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TABLE  13 

SUMMARY  OF  VACUUM  ARC  MELTING  FOR  SUPPORT  PROGRAM 
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Pil^ure  1  -  Vacuum  Arc  Melting  Facility  at  ASD.  Pump  Capacity 
Permits  Melting  of  Refractory  Alloys  at  Pressures 
Below  0.1  Micron.  Silicon  Rectifiers  Supply  up  to 
7500  Amperes. 
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Figure  2  -  Redesigned  Water  Jacket  Assembly  Mounted  on 

Furnace.  Annular  Space  for  Water  Flow  Around 
Mold  is  1/8  Inch.  Current  is  Conducted  From 
Ingot  Through  Mold  Bottom. 
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Figure  3  -  Examples  of  Threaded  Electrode  Sections.  Sources  of 
Electrode  Bars  Are  (L  to  R):  General  Electric, 

Vah  Chang,  Westinghouse.  Columblum  Wire  Addition  Is 
Shown  in  Left  Electrode,  Others  Are  Tungsten  +  0.6% 
Colufflbium  Blend. 
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VA-66 


VA-67 


Figure  4  -  Ingot  Sections  of  W+O.SCb  Heats  VA-66  and  VA-67. 
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SAMPLE  SLICE 
(center  strip  for  nicro 
and  chemistry  samples) 


Figure  5  -  Method  of  Cutting  W-fO.SCb  Ingots  for  Samples  and  Billet 


Figure  6 


ilMT'V 


5:’''*’T 


I 


InRot  VA-83.  The  Length  of  This  Ingot  was 
Sufficient  to  Produce  Two  5-Inch  Extrusion  Billets. 
Ingot  Surface  is  Considered  Excellent. 
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Figure  7  -  Macrostructures 
and  VA-91.  All 
Carbon. 


1 


a 


r  W+0.6Cb  Ingots  VA-83,  VA-87,  VA-88, 
mr  Ingots  Contain  an  Excess  of 


49 


VA-90 


Figure  8 


-  Macrostructures  of  W+0.6Cb  Ingots  VA-86,  VA-90,  and 
VA-92.  Electrodes  Contained  an  Excess  of  Oxygen. 


50 


VA-79,  6500  Amperes  7200  Amperes 


Figure  9  -  Nacrostructures  of  V-»-0.6Cb  ingots  VA-78,  VA-79,  and 

VA-80.  Ingots  Mere  Melted  to  Determine  Effect  of  Power 
Input  on  Electrode  Consumption  and  Ingot  Structure. 
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Figure  11  -  Macrostructures  of  V+0.6Cb  Ingots  VA-81,  VA-85,  VA-82 
VA-89.  Electrodes  Contained  Zirconium  and  Titanium 
as  Follows:  VA-81,  0.06%  Zr;  VA-85,  0.12%  Zr; 

VA-82,  0.04%  Ti;  VA-89,  0.04%  Ti  +  0.12%  Zr. 


VA.66,  Mechanical  Poli8h(100X)  VA-67,  Mechanical  PoliahdOOX) 


VA.66,  Mechanical  PolishdOOOX)  VA-67«  Electro-poliaheddOOOX) 


VA<-66y  Electro-polished(lOOOX)  VA-67,  Mechanical  Poli8h(1000X) 

Figure  12  -  Microetructuree  of  !f-f0.6Cb  Ingots  VA>66  and  VA«67.  Grain 
Boundary  Depoaits  Are  Evident  at  High  Magnification. 

Murakani's  Etch 
S4 


2000X  2000X 

VA-83  VA-87 


Figure  13  -  Microstructures  of  W-t-O.GCb  Ingots  VA-83  and  VA-87. 
Grain  Boundary  Deposits  Are  Carbides. 

Electrolytic  Poligh  -  Murakami's  Etch 
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2000X 

VA-88y  High  Carbon  Electrode 


.•••  f  •  . 

2000X 

VA-91,  High  Carbon  +  Titanium 


Figure  14  -  Microstructures  of  W+0,6Cb  Ingots  VA-88  and  VA-91, 
Electrolytic  Polish  -  Murakami's  Etch 
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2000X  2000X 

VA-86  VA-92 


Figure  15  -  Microstructures  of  W-t-O.GCb  Ingots  VA-86  and  VA-92. 

Electrodes  Contained  An  Excess  of  Oxygen.  Dark  Region 
at  Boundary  Is  Shadow,  Not  Deposit. 

Electrolytic  Poli^  -  Murakami's  Etch 


2000X  2000X  2000X 

VA-78,  5800  Amperes  VA~79,  6500  Amperes  VA-80,  7200  Amperes 
Figure  16  -  Mlcrostructures  of  W-t-0.6Cb  Ingots  VA-78,  VA-79,  and 

VA-80.  Ingots  Were  Melted  to  Show  Effect  of  Electrode 
Consumption  Rate  on  Properties. 

Electrolytic  Polish  -  Murakami's  Etch 
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2000X  2000X 

VA-81,  O.Oeii  Zr  VA-85,  0.1216  Zr 


Figure  17  -  Microstructures  of  V-»-0.6Cb  Ingots  VA>81  and  VA-85. 

Electrodes  Contained  Minor  Zirconium  Additions. 
Electrolytic  Polish  -  Murakami ' s  Etch 
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9nnnY  o(\cv\y 

VA-82,  0.04%  T1  VA-89,  0.04%  T1  +  0.12%  Zr 

Figure  18  -  Microstructures  of  V+O.GCb  Ingots  VA-82  and  VA-89, 
Electrodes  Contained  Titanium  and  Zirconium. 
Electrolytic  Polish  -  Murakami's  Etch 


W7-1-0  09297-12  11234-3 

(VA-92)  (VA-89)  (VA-91) 


Figure  19  -  Electrode  Stubs  Before  Removal  of  Chemistry  Samples. 
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Figure  20  -  Machined  Billet  and  Unextruded  Billet  from  Ingot  VA-83  (Hieh 
Carbon)  and  Machined  Billet  from  Ingot  VA-90  (High  Oxygen). 


Over-Etched  Specimen^ 
Showing  Dey'^sit  Extending 
Above  Sample  Surface 
(Approx.  SOX) 


Intergranular  Deposit  at 
150X.  Spheroidal  Particles 
Indicate  Material  was 
Liquid. 


Figure  22  -  Intergranular  Deposit  In  Unextruded  Billet  From 
Ingot  VA.68. 
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Figure  25  -  Extrusion  Sample  Identification  Diagram 
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Figure  26  -  Transverse  and  Longitudinal  Macrosections  of  Extrusions 
956  and  974.  Difference  in  Structure  of  Extrusions 
May  Be  Compared  to  Difference  in  Structure  of  Ingots 
from  Which  These  Extrusions  Originated  by  Referring  to 
Figure  8,  Ingots  VA-86  and  VA-92. 
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Center 


935  (VA-78)  lOOX 
6.4:1 


Tail 


936  (VA-79)  lOOX 
8.3:1 


Figure  27  -  Microstructures  from  Nose,  Center,  and  Tail  Samples 
of  Extrusions  935  and  936. 

Electrolytic  Polish  -  Murakami's  Etch 
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946  (VA-81)  lOOX  Tail  947  (VA-82)  lOOX 

Figure  28  -  Microstructures  from  Nose,  Center,  and  Tail  Samples 
of  Extrusions  946  and  947.  Notice  Slightly  Deformed 
Grains  of  Original  As-Cast  Structure  in  Nose  Sample 
of  947. 

Electrolytic  Polish  -  Murakami's  Etch 
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955  (VA-85)  lOOX  Tail  956  (VA-86)  lOOX 

Figure  29  -  Microstructures  from  Nose,  Center,  and  Tail  Samples 
of  Extrusions  955  and  956. 

Electrolytic  Polish  -  Murakami's  Etch 
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964  (VA-89)  lOOX  Tail  965  (VA-90)  lOOX 


Figure  30  -  Microstructures  from  Nose,  Center,  and  Tail  Samples 
of  Extrusions  964  and  965.  No  Recrystallization 
Occurred  in  965  due  to  Billet  Heat  Loss  Prior  to 
Extrusion. 

Electrolytic  Polish  -  Murakami's  Etch 
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Nose 


Tail 

974  (VA-92)  lOOX 

Figure  31  -  Microstructures  from  Nose,  Center,  and  Tail  Samples 
of  Extrusion  974. 


Electrolytic  Polish  -  Murakami's  Etch 
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935 


946 


947 


Figure  32  -  Extrusion  Forging  Samples,  Machined  Forging  Samples, 
and  Forged  Samples  of  W+0.6Cb  Alloy* 
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MINUTES 


935  (VA-78),  W+0.6Cb 


946  (VA-81),  W+0.6Cb  +  0.06Zr 


947  (VA-82),  W+0.6Cb  +  0.04Ti 

2800®F  for  150  minutes  3200®F  for  20  minutes 

Figure  34  -  Effect  of  Recrystallization  Heat  Treatment  on  V->-0.6Cb 
Extrusion  Samples  that  were  Annealed  and  Reduced  559i 
by  Forging. 

Electrolytic  Polish  -  Murakami's  Etch  -  lOOX 
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935  (VA-78) 


955  (VA-85),  0.12%Zr 


947  (VA-82),  0.04%Ti 


965  (VA-90),  500ppni  0 


Figure  35  -  Microstructures  of  W+0,6Cb  Extrusion  Samples  Reduced 
40?i  by  Swaging.  Electrode  Additions  are  Indicated. 


Electrolytic  Polish  -  Murakami's  Etch  -  lOOX 
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935  (VA-78)  955  (VA-85),  0.1294Zr 


947  (VA-82),  0.04%Ti  965  (VA-90),  500ppin  0 


Figure  36  -  Microstructures  of  W-t-0.6Cb  Extrusion  Samples  Reduced 
409(  by  Swaging,  Annealed,  Reduced  Additional  56)6  by 
Swaging.  Results  of  Elevated  Temperature  Testing  of 
These  Structures  are  in  Table  12. 

Electrolytic  Polish  -  Murakami's  Etch  -  lOOX 
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dimensions  are  in  inches 

Figure  37  -  Standard  Refractory  Alloy  Vacuum  Creep-Rupture  Specimen* 
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38  •>  Threaded  Electrode  Sections  of  949&  Tungsten 
6%  Molybdenum. 


1  - .  ,  'a'T.".'  "s  '  1 "  s  s’ 
■■  r-  L:^;:iics?aaa 


Figure  39  -  Ingots  of  92-6-2  Alloy  ContaininR  Surface  Defects. 

Deep  Fissures  Are  Not  Removed  By  Machining  to  Billet 
Diameter  and  Produce  Serious  Flaws  Shown  in  Extruded 
Bar. 
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Meltinf^  Rate 
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Pip^re  41  -  Inp^ot  of  Pure  Columblua  (VA-77)  Produced  in  2-Inch 

Mold.  Starting  Pad  was  Composed  of  Short  Lengths  of 
.125"Cb  Wire. 
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Si 


3)i-Inch  Mold  with  Conductor  Tube  Attached. 
Clamp  RinKt  Power  Connections,  and  Clamp 
Base  Are  Shown  Also. 


2-Inch  Mold  Adapted  to  Existing  Conductor  Tube. 
Other  Items  Are:  (a)  Furnace  Adapter  Plate, 

(b)  Jacket  Liner,  (c)  2-Inch  Mold,  (d)  Mold 
Bottom,  and  (e)  Conductor  Tube. 

PiKure  42  -  Comparison  of  3H-Inch  and  2-Inch 
Molds  and  Accessories. 


84 


